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HIGH-PURITY REFLECTING HEAT SHIELD DEVELOPMENT

By William M. Congdon
Martin Marietta Corporation

SUMMARY

The purpose of this program was to develop a high-purity,

fused-silica reflecting heat shield for the thermal protection

of outer-planet probes. Such a heat shield reflects shock-layer

radiation by diffuse scattering due to the dissimilar refractive

index of the silica and void phases. The program also included

a study of factors that strongly influence the performance of a

silica heat shield, such as the microstructure and degree of

purity. Three different silica-bonded silica configurations,

each prepared by a different technique, were investigated. These

were slip-cast, foamed-slip, and pressure-sintered fused silica.

Each configuration was rated according to its relative merits.

Slip-casting was selected as the preferred fabrication method

because it produced good reflectivity and good strength, and is

relatively easy to scale up for a full-size outer-planet probe.

The slips were cast using a variety of different particle

sizes. Besides the continuous-particle-size slips generally used

in slip casting, we also studied monodisperse particle-size slips

and blends of monodisperse particle-size slips. Of the mono-

disperse slips studied, the slip that was composed of particles

between 5 and 11 pm in diameter produced the highest reflectance

for a given material. Of the blend slips studied, the one whose

major component consisted of the 5- to 1l-pm particles gave the

highest reflectance. In general, over the particle sizes studied,

smaller particles gave the highest reflectance. In addition, both

the monodisperse slips as well as the blend slips gave a higher

reflectance than the continuous-particle-size slips for a given

material and a given model thickness.

An upgraded and fused natural quartz was used to study the

effects of microstructure on reflectance and as the baseline to

ascertain the increase in reflectance obtained from using a

higher-purity synthetic material. A noticeable improvement in

reflectance in the near-UV was obtained by using a synthetic

fused silica prepared by the vapor-phase hydrolysis of silicon

tetrachloride.



I. INTRODUCTION

A. Program Objective and Scope

.Le oljective of this program was to develop a high-purity-
silica reflecting heat shield material. This included fabricating
and evaluating three types of silica-bonded silica configurations--
slip-cast, foamed-slip, and pressure-sintered fused silica--to
determine their relative merits as reflecting heat shield candi-
dates. The evaluation testing consisted of spectrophotometer tests,
high-intensity-radiation tests, and mechanical tests to determine
the modulus of rupture, and modulus of elasticity.

After selecting the best silica-bonded silica configuration,
we studied producibility aspects for a full-size heat shield.
This involved scaling up of the methods and techniques used to
produce the test models, as well as investigating various attach-
ment aspects.

The program concluded with the fabrication of five study
billets to be evaluated by NASA-Ames Research Center. Specimens
machined from these billets are to be tested in the Advanced Entry
Heating Simulator (AEHS) facility.

B. Reflecting Heat Shield Concept

The reflecting heat shield is a promising means of thermal
protection for entry environments containing large shock-layer
radiation components. Such heat shields are being considered for
upcoming outer-planet probe missions, particularly for the
nominal-cool extremes in the uncertainty of the outer-planet
atmospheres, where radiation is most severe.

Figure 1 from reference 1 shows analytically predicted entry
heating associated with a probe entry into Saturn. The figure
covers the full range of uncertainty in scale height and compo-
sition of the planet's atmosphere.

Note the large differences in entry heating rates and dura-
tions for the cool-, nominal-, and warm-atmosphere ranges. Entry
into the cool atmosphere is dominated by shock-layer radiation
pulses up to 23 kW/cm 2 ; radiative and convective pulses are
intense, but of short duration. Entry into the warm atmosphere
produces relatively mild pulses with very little radiation, but
the pulses have a longer duration. The nominal atmosphere pro-
duces convective and radiative pulses of moderate duration that
reach approximately 8 kW/cm2 and 3 kW/cm2 , respectively.

2
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The Saturn heating rates ar also representative of the heating

environment encountered during Uranus entry. Table 1 compares cone

edge heating experienced during entry into the cool planetary
atmospheres at an entry angle of -0.70 rad (-40°). Compared with

Saturn entry heating, the peak convective heating rate for Uranus

is about 20% lower and the peak radiative heating rate is about
15% higher. Total cnvec tive hea.ting duringU Uranu entry is 37%

lower than for Saturn entry.

TABLE i.- COMPARISON OF SAu UN; AND URANUS ENTRY HEATING*

Entry parameter Saturn Uranus

Entry velocity, km/sec (ft/sec) 29.3 26.8
(96 000) (88 000)

Peak convective heating rate, kW/cm2  24.8 19.6

(Btu/ft2-sec) (21 800) (17 300)

Peak radiative heating rate, kW/cm2  26.8 31.0
(Btu/ft 2 -sec) (23 600) (27 300)

Total convective heating, kW-sec/cm2  86.2 54.5
(Btu/ft2) (76 000) (48 000)

Total radiative heating, kW-sec/cm2  53.4 51.1
(Btu/ft2) (47 000) (45 000)

*Cone edge heating; -0.70 rad (-400) entry angle; cool atmosphere.

An important consideration in designing a reflecting heat shield
is the spectral distribution of shock-layer radiation during entry.

The spectrum will vary with the composition of the planet atmosphere
and will be perturbed by the injection of ablation products. Figure
2 shows Nicolet's analytically predicted stagnation-point spectrum
for a steep entry into the Saturn nominal atmosphere. As shown,
the bulk of the radiation is in the visible and UV regions of the
spectrum.

Fused silica has a good potential as an efficient reflecting

heat shield material because of its high reflectivity over the wave-

length range of interest, its high heat of sublimation, which is

about 12.5 MJ/kg, and its excellent resistance to thermal shock
(ref. 2).

4
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II. THEORETICAL INVESTIGATIONS

A. General Properties of Silica

1. Polymorphic forms.- The relationship of fused silica to
its crystalline counterparts is often a source of confusion and is
worth reviewing. Fused silica is a noncrystalline form of sili-
con dioxide. Essentially, it is a high-viscosity melt phase, or
glass, that is thermodynamically unstable, but kinetically stable
at ordinary temperatures. At atmospheric pressure, the crystal-
line forms of silica are quartz, tridymite, and cristobalite (ref.
3). The densities of these polymorphic forms are 2.65, 2.26, and
2.33 g/cm 3, respectively, whereas the density of fused silica is
2.20 g/cm 3 .

Quartz is the stable crystalline form from room temperature
up to 1140 0K. Tridymite is stable from 11400K to 17430K, and
cristobalite is stable from 17430 K up to its melting point, 19960K.
Each of these, in turn, has additional polymorphic forms within
different temperature ranges.

Quartz, tridymite, and cristobalite are stable within their
own temperature ranges and, as a result, exhibit properties that
are constant over time at these temperatures. However, one sil-
ica crystalline phase can be thermally stranded for indefinite
periods within the temperature range of another. Thus, for ex-
ample, tridymite and cristobalite exist within the stability do-
mains of quartz, and fused silica exists in the temperature
ranges of all three crystalline forms. Metastable states such as
these can change to stable states under particular conditions, or
into some other phase that is also thermodynamically unstable
but lower in free energy than the original state. Quartz, for
instance, when heated to temperatures between 1140 0K and 17430K,
usually changes to a disordered cristobalite rather than to
tridymite (ref. 3).

The highest-temperature, stable crystalline form of silica
at a pressure of 1 atmosphere is high cristobalite. This struc-
ture melts slowly to form fused silica at 19960 K, and has a heat
of transformation of 0.128 J/kg. However, at 19570K it is pos-
sible to observe the melting point of the metastable tridymite
because of the slowness of the tridymite-cristobalite transforma-
tion. Thus, fusion can occur at this lower temperature. When
the melted phase is cooled, fused silica is generally maintained.
This noncrystalline form has no recognized melting point. It
undergoes a gradual change in viscosity with temperature, as do
other glass-like materials, but still remains very stiff up to
its boiling point, which is about 31000 K.
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The vaporization-of fused silica involves the following
reaction:

SiO2 (£)--o-SiO(g) + -O 2 (g).

The thermodynamically calculated heat of. vaporization, based on
this reaction, is about 12.5 MJ/kg at 2000*K. Near 30000K, the
heat of reaction is about 12.0 MJ/kg (ref. 4).

Only fused silica has such a low coefficient of thermal ex-
pansion. This unique property is a result of its random struc-
ture. In contrast, the crystalline forms are susceptible to
thermal shocking.

2. Optical characteristics.- For the purposes of this discus-
sion, fused silica-can be categorized into two general types,
which differ in terms of their optical transmittance (fig. 3).
Type A fused silica is a synthetically produced, ultrahigh-
purity fused silica that is usually prepared by the vapor-phase
hydrolysis of silicon tetrachloride. It has no UV absorption
band at 0.243 pm, but does have IR absorption bands at 1.38,
2.22, and 2.73 pm.* Type B fused silica is produced by upgrading
and fusing natural quartz. It can be produced in very high pur-
ity, but is generally less pure than Type A. Type B has an UV ab-
sorption band at 0.243 um, but does not exhibit the IR bands at
1.38, 2.22, and 2.73 pm that are common to high-hydroxyl material.
Generally, Type A silica is prepared in small quantities and is
approximately 100 times more costly than Type B.

The UV absorption edge for fused silica corresponds to the
transition of a valence electron of an oxygen ion in the glass
network to an excited state (refs. 6 and 7). If the network is
modified so that nonbridging oxygen ions are produced, then the
excitation of the valence electrons of these singly-bonded oxy-
gen ions shifts the UV edge to longer wavelengths.

The presence of alkali-metal impurities in fused silica ap-
parently generates nonbridging oxygen ions, and small amounts
produce a significant shift in the UV absorption edge. Figure 4
shows a two-dimensional representation of the creation of non-
bridging oxygens by the introduction of sodium into the silica
network. Sigel (ref. 6) studied the magnitude of the absorption
edge shift as a function of the concentration of alkali metal.
Figure 5 shows the shift to longer wavelength caused by per-
centages of sodium ranging from 0.015 to 0.12 mole (0.6 to 5.0
ppm).

*For the causes of these absorption bands, the reader is
referred to ref. 5.
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Type A fused silica

r- Type B fused silica

I
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.16 .24 .32 .40 1.0 3.0 5.0
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Figure 3.- Spectral transmittance for 1,0-cm-thick slabs of

two types of clear fused silica (Ref. 5)

Nonbridging oxygens

0 0 0 + 0

0-Si-0-Si-0 + Na20 0 0-Si--O- 0--Si- 0
I I I + I
0 0 0 Na 0

Figure 4.- Two-dimensional representation of the creation of

nonbridging oxygens by the introduction of sodium

into the fused silica network (Ref. 6)
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Figure 5.- Effects of the addition of sodium on the. UV absorption
of fused silica (Ref. 6)
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Sigel also showed that for a given level of impurity, the
intensity of absorption decreased in the following order--K, Na,
and Li. When samples were doped with equal amounts of aluminum
and alkali metal, the absorption was significantly less than that
with alkali metal alone.

At elevated temperatures, the transparency of fused silica
decreases. The absorption edge in the far-UV shifts to longer
wavelengths, and that in the IR, to shorter wavelengths. Figure
6, taken from a paper by Beder, Bass, and Shackleford (ref. 8),
shows the UV bathochromic shift of Type A fused silica from room
temperature to 17730K. At temperatures near the melting point of
silica, the UV absorption edge moves to approximately 0.23 pm.
The presence of impurities (such as sodium) in the fused-silica
network shifts the edge to still longer wavelengths.

100 Room temperature

0 0
80 -0 1023°K

With reflection

12730K losses only

15230K 17730K

60

U

4 -

d 4C

20

.20 .24 .28 .32 .36 .40 .50 1.0 2.0

Wavelength, pm

Figure 6.- Isothermal curves of spectral transmittance for a 0.95-cm-thick
slab of Type A clear fused silica (Ref. 8)
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B. Investigation of Scattering Properties

Martin Marietta's Multiple Scattering Analysis Program (MSAP)
was used to theoretically investigate the scattering performance
of a white fused-silica heat shield containing scattering voids.
This program couples the exact Mie solutions of Maxwell's equa-
tions for single-particle scattering with the phenomenological
theory of Kubelka-Munk, and relates the experimentally determined
scattering parameters to the total hemispherical reflectance of an
array of7scatterers. The scattering, and hence, the reflectance
of configurations of various materials, can be theoretically pre-
dicted by inputing basic material properties such as the absorp-
tion coefficient and complex refractive index, and sizing
parameters such as the scattering center diameter and percent
volume concentration of scatterers. This program can also opti-
mize the reflectance of a configuration by systematically vary-
ing important parameters relative to a particular spectral dis-
tribution of incident radiation.

In our MSAP analyses of fused silica, complex refractive
indices and temperature-dependent absorption coefficients were
used to calculate the hemispherical reflectance of fused silica
as a function of void size and volume density. The real part of
the refractive index and the absorption coefficients were also
input as functions of wavelength.

Table 2 lists the values for the real part of the refractive
index (from ref. 9) and the absorption coefficients (from refs.
8 and 9) that were used in the analyses. These values are for
GE 151 ultrahigh-purity synthetic fused silica, a Type A material.
The 293 0 K values of the real refractive index were used for the
1773 0K analysis, as well as for the 293 0 K analyses. (Normally,
the refractive index would be higher at 1773 0K, thereby giving a
higher reflectance than that calculated with the 293 0 K data.)

Figure 7 shows a-plot of hemispherical reflectance vs. wave-
length, void size, and volume density for a Type A fused-silica
heat shield at room temperature, as predicted by MSAP. The void
size is a function of particle size, and the voids are basically
the interparticle interstices. Note that larger void radii pro-
duce a higher reflectance. For a given void radius, a higher re-
flectance can be obtained by increasing the volume of void phase,
which is, essentially, decreasing the density of the material by
increasing the number of voids. Figure 7 also shows that the in-
crease in reflectance obtained by increasing the number of voids
is less for the larger voids than for the smaller voids.
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TABLE 2.- REFRACTIVE INDICES AND ABSORPTION COEFFICIENTS (for

GE 151 fused silica) USED IN THE MSAP ANALYSES (Refs. 8 and 9)

Absorption coefficient, cm-1
Real refractive index

Wavelength, um (at 293 0K) At 293 0 K At 1773 0K

0.25 1.5065 0.0408 1.3

0.30 1.4878 0.0202 .17

0.35 1.4770 0.010 .07

0.40 1.4703 0.004 * .05

0.45 1.4653 -- .03

0.50 1.4622 -- .01

0.55 1.4598 -- .004

0.60 1.4580 -- --

0.65 1.4565 --

0.70 1.4553 --

Volume
density

1.00 - ---. 90- - --- - - - - - - - - - - - - - - - -7

.90

U Void radius

- 1.75 pn

.9---14.4 Pm

.94

.25 .30 .40 .50 .60 .70

Wavelength, um

Figure 7.- MSAP predictions of the effects of void size and volume density
on the hemispherical spectral reflectance of a 0.13-cm-thick slab
of Type A fused silica at 293 0 K
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Figure 8 shows MSAP predictions at 17730K. Note that larger
void radii produce a decreased reflectance in the UV region at

higher temperatures--a larger decrease than with smaller. void
radii--due to the increased absorption and the changed scattering
cross sections that result from this increased absorption. This

phenomenon is significant because the surface of a silica reflect-
ing heat shield will reach a temperature of 17730 K very rapidly,
and the larger reflectance of the smaller voids could prevent or
delay the occurrence of bulk vitrification* by decreasing the ab-
sorption.

Void radius Volume
density

1.75 m
14.4 Pm - -- -------. 90

, .97

.98 -. 90

o 1-

.96
'44

I

'4 .94

I r .97

.92

.90 I I I I I
.25 .30 .40 .50 .60 .70

Wavelength, vm

Figure 8.- MSAP predictions of the effects of void size and
volume density on the hemispherical spectral
reflectance of a 0.13-cm-thick slab of Type A
fused silica at 17730K

Figure 9 shows the results obtained by using MSAP to calcu-
late the total hemispherical reflectance of a fused-silica heat
shield, relative to the predicted Saturn entry shock layer radia-
tion given in figure 2. Note that for a 70% dense material, the
optimum reflectance is achieved by a void radius in the 2- to 3-pm
region. For higher-density configurations, an optimum reflectance
requires larger voids.

It should be mentioned that the important results of all the
MSAP analyses are the trends they reveal, rather than the absolute
reflectances they predict.
- - ----- ----- ---------- --------" -'----- - - - - - - - - - - - -

*The term "bulk vitrification" is used to describe the process
where the silica particles coalesce at high temperature, elimi-
nating scattering voids and leaving a transparent matrix.
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ci 4  .70

.80

44 .98

U .90

a .95
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S.97

.90 I - I I I
2 5 10 20
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Figure 9.- MSAP predictions of the total hemispherical reflectance as
a function of void size and volume density for Type A fused
silica at 17730 K, relative to the Saturn entry spectrum
of fig. 2

C. Investigation of Thermal Properties

After radiation reflection, thermal conductivity is perhaps

the second most important parameter in making up a silica re-

flecting heat shield. Although the heat capacity of a silica
configuration is.a linear function of its density, and, therefore,
can be easily predicted, estimating its thermal conductivity can

be complex. Microstructure, as well as density, plays a sig-
nificant part in establishing the conductivity of a silica heat
shield.

Table 3 contains thermal conductivity data from several

sources for silica configurations of varying densities. As is
typical in comparing thermal conductivity measurements, some of

the data is conflicting. Plotted in figure 10 are selected values
of thermal conductivity vs. temperature taken from table 3 for 33%,
91%, and 100% dense fused silica.
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TABLE 3.- THERMAL CONDUCTIVITY DATA FOR FUSED
SILICA CONFIGURATIONS OF VARIOUS DENSITIES

Thermal Thermal

Temperature, conductivity, Temperature, conductivity,
OK J/m-s-'K OK J/m-s-oK

100% dense, 2.20 g/cm
3  

100% dense, 2.20 g/cm
3

(ref. 10) (ref. 11)

273 1.33 367 1.52

300 1.38 589 2.13

350 1.46 811 3.94

400 1.52 367

450 1.58 91% dense, 2.00 g/cm
3

500 1.63
600 1.76 (ref. 11)
600 1.76

700 1.95 367 0.571

800 2.20 -589 0.605

.900 2.47 811 0.657

1000 2.87 1367 0.899

1100 3.36
1200 4.01

1300 4.93

1400 6.16

88% dense. 1.93 g/cm
3  

23% dense, 0.50 g/cm
3

(ref. 13) (ref. 11)

478 0.645 367 0.173

589 0.654 589 0.173

700 0.657 811 0.190

811 0.666 1367 0.363
922 0.671 33% dense, 0.72 g/cm

3

1033 0.690 (ref. 12)

1144 0.749

1256 0.865 422 0.116

1367 1.04 533 - 0.144

700 0.187
34% dense. 0.75 g/cm

3  
700 0.187811 0.202

(ref. 13) 978 0.216
478 0.156 1144 0.259
589 0.164 1256 0.303
700 0.182 1367 0.403
811 0.190 37% dense. 0.82 g/cm

3

922 0.208 ref. 14)
1144 0.259

422 0.116

1367 0.398

20% dense, 0.45 g/cm
3

(ref. 14)

422 0.144

1367 0.144
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Figure 10.- Selected values of thermal conductivity for fused silica

configurations of various densities



It is believed that an appropriate rule of thumb in develop-
ing a silica reflecting heat shield is that its thermal conduc-
tivity should be at least as low as that of carbon phenolic.
Therefore, figure 10 also shows a reference curve of thermal con-
ductivity vs. temperature for carbon phenolic, which was taken
from reference 15.

During this contract we investigated various analytical
expressions for thermal conductivity as a function of density and
microstructure to study in more detail the parameters that influ-
ence it.

1 + 2Vv (1 k/k \/2 k /k + 1)
k =k (1)r 1 -V -kc/k )/(k /k + 1 ]

V 2/3+ (k/k ) (1 -V 2/3
k =k v v)(2)

V -/3 V + (k/k 1 V 2 3 +V

where

d = dimension of void in the direction of heat flow (for
spherical voids, this is the diameter)

e = emissivity ofthe void walls

k = thermal conductivity of the continuous phase

kr = thermal conductivity of the resultant configuration

k = thermal conductivity of the void phase
v

PC = fraction of a cross-sectional area occupied by voids (cut
perpendicular to the direction of heat flow in a plane
containing voids)

PL = fraction of length of a line of heat flow occupied by voids
(line passes through voids)

T3 = mean of the cube of the absolute temperature of a sample

V = volume fraction of voids
V

y = a geometrical factor depending on the shape and orientation
of voids (0.667 for spherical voids)

a = Stefan-Boltzmann radiation constant
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All three of these equations are presented for a thermal con-

ductance model in which the voids are spherical and homogeneously

dispersed throughout a continuous silica phase. Equation (1) was
derived by Maxwell and Euken and was obtained from reference 16.

Equation (2) was derived by Russell and obtained from reference 17,
and equation (3) by Loeb was obtained from reference 18.

Paraphrasing a passage by Kingery in reference 16 gives in-

sight into the role of microstructure and voids on thermal conduc-

tivity at high temperatures. If one thinks of the continuous ma-

terial surrounding the voids in a porous ceramic as radiation
shields that diminish the transfer of emitted thermal radiation,

then the smaller the void size and the larger the void volume

fraction, the more voids or shields there will be across the radi-

ant flux. Thus the radiant transfer will be decreased. At the same

time, the higher the emissivity of the continuous phase, then the

greater the transfer between void walls and the larger the effective

conductivity. The effect of translucency is to lower the efficency
of these radiation shields and thereby increase the effective con-

ductivity. This effect also depends on the thickness of the walls,

because thinner walls have higher transmission.

Although decreasing the void size (and holding other factors
constant) increases the number of radiation shields, it also di-
minishes the efficiency of each shield, and therefore, does not
decrease the conductivity as much as it would if the material were
opaque. Therefore, a tradeoff exists, and the net result is that
the void size in a highly transparent material has little effect
on the thermal transfer of radiant energy and, thus, little effect
on the overall thermal conductance.

The significance of equation (3) is that it allows one to
look quantitatively at the effects of thermal radiation across
voids on the effective conductance. The analytical model of this
equation also considers the geometrical aspects of the voids re-
lative to the direction of heat transfer. For purposes of this
discussion, consider that the spherical, homogeneously-dispersed
voids are observed from a face so that the foremost voids eclipse
the ones behind them. Thus, there are tunnels of silica-void-
silica alternates and these tunnels are dispersed in a continuous
silica matrix. The radiation term in equation (3), 4aey dT3 ,
probably should be factored by the square of the refractive index
in view of some work more recent than Loeb's, for instance, Gar-
don's (ref. 19), but for this discussion, the assumed model would
radiate from the silica wall into the void, and thus the factor,
being the square of the refractive index for air, would essen-
tially have a value of one.
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To study the thermal conductance effects of void size in a
silica reflecting heat shield, we generated curves of conductance
vs. temperature using equation (3). These curves are shown in
figure 11 for 60%, 80%, and 100% dense fused silica with 5-pm and
500-m void diameters. The emissivity of.silica was obtained
from the 1-mm curve of hemispherical emissivity vs. temperature
in figure 12, which was taken from reference 19.

6.5

100% dense
6.0 2.2 g/cm

3

5.5

5.0

4.5

4.0 -

,3.5- 80% dense

S/1.76 g/cm

3.0-
0 500-pm void

5-pm void

S2.5

60% dense,

.2.0. 500 mvoid / '1.31 g/cm
3

5- jm void

.5.

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Temperature, OK

Figure 11.- Analytical prediction of density and void-size effects
on the thermal conductivity of fused silica as a
function of temperature (based on eq. 3)
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.8

5

.2 -

o L

.5

273 473 673 873 1073 1273 1473 1673
Temperature, 'K

Figure 12.- Total hemispherical emissivity vs. temperature for glass
slabs of various thicknesses (ref. 19)

Table 4 gives the values selected from figure 12. These
values are conservative in that they assume a 1-m wall thickness
and because the absorption/emission of this alkali-metal-ladened
glass would be higher than for high-purity silica.

TABLE 4.- TOTAL HEMISPHERICAL EMISSIVITY vs. TEMPERATUREFOR A 1-mm-THICK GLASS SLAB (determined

from fig. 12)
Temperature, K Emissivity

311 0.77
367 0.76
478 0.73
589 0.69
700 0.65
811 0.61
922 0.57

1033 0.51
1144 0.461256 v0.41

1367 0.37
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The curves in figure 11 indicate that there is quite a bit

of latitude in terms of affecting thermal conductivity by varying
void size. There is only a minimal increase in conductivity by

going from a 5-pm void to a 500-pm void. Thus, in fabricating
slip-cast, foamed-slip, and pressure-sintered silica for a re-

flecting heat shield, the conductance effect of void sizes up to
500 pm in diameter should not be a large concern.

Although the analytical model for silica used in these cal-
culations is not completely accurate, the above conclusion should

remain valid. The true matrix is not entirely continuous because
it is constructed of silica particles sintered together essen-
tially at points. The result of this discontinuity is a resis-

tance to heat transfer by true conduction modes. Thus, the
curves of measured conductance for silica in figure 10 are lower
than those of figure 11.

In addition to enabling a study of void size effects, equa-
tion (3) shows that the thermal conductivity of fused silica can

be substantially reduced by the introduction of voids.

D. Investigation of Mechanical Properties

The mechanical strength of a silica reflecting heat shield
material is related to its microstructure. The microstructure,
in turn, is a function of the sintering temperature, pressure,
and time, and the initial particle size and distribution. For

instance, for a fixed and continuous-particle-size distribution,
the modulus of rupture for slip-cast fused silica has been found
to vary significantly with the firing conditions. Figure 13

from Fleming (ref. 13) shows that the ultimate strength can vary

from 28 to 45 MN/m 2 , depending on the firing schedule, for 88%-

dense fused silica.

In the sintering process the driving force depends on the
magnitude of the surface free energy of the particles, which

varies inversely as the particle radii (ref. 16). The surface

energy of very small particles is higher than that of large ones.

Thus, fine particles disappear and coarser ones grow. Some in-

vestigators consider that very small particles have a lower

melting point than larger ones (ref. 20). Therefore, the strength
of a silica configuration is a complicated function of particle

size and distribution, as well as firing conditions.
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Figure 13.- Room-temperature modulus of
rupture for fused silica as
a function of firing time
at different firing tempera-
tures (ref. 13)

Data are available on the mechanical strength of various
fused silica configurations covering a wide range of densities
through technical information brochures from such commercial sup-
pliers as Glasrock Products Company, Inc. (Glasrock), and the
Fused Silica Products, Refractories and Electronics Division of

the Carborundum Company (Silfrax). The modulus of rupture is the

most frequently reported parameter, and is determined by methods

such as ASTM 674. Table 5 contains data from several sources on

the modulus of rupture of fused silica as a function of density.

However, little or no information is available from these sources

on the void size and general microstructure of the material, or

its fabrication procedures.
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TABLE 5.- MODULUS OF RUPTURE vs. DENSITY FOR
FUSED-SILICA CONFIGURATIONS

% dense Density, g/cm 3  Modulus of rupture,MN/m2  Reference

18 0.40 0.52-1.4 12
18-22 0.40-0.48 0.55-1.6 14

23 0.51 1.4 11
33 0.73 0.52-2.1 12

35-39 0.77-0.86 0.55-2.2 14
88 1.9 28-45 13
91 2.0 41 11

100 2.2 69 11

Considerable data on the mechanical properties of fused
silica are also available in references 21, 22, and 23. Figures
14 and 15, taken from reference 21, show the modulus of rupture
vs. density and the modulus of elasticity vs. density, respectively,
for high-purity, slip-cast fused silica.
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5

50 - 0
0

0 o o

40-

1.84 1.88 192 1.96 2.00 2.04 2.8 2.12 2.16 2.20

Density, g/cm 3

0 O 0

20 
O

fused silica (ref. 21)

00

1.84 1.88 1.92 1.96 2.00 -2.04 2.08 2.12 2.16 2.20

Density, g/cm3

Figure 14.- Modulus of rupture vs. density for high-purity, slip-cast
fused silica (ref. 21)
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III. LABORATORY DEVELOPMENT AND FABRICATION

Three types of fused-silica configurations were studied for

potential application as reflecting heat shields. These configura-

tions were slip-cast, foamed-slip, and pressure-sintered fused

silica. Briefly, in slip casting, a slurry of suspended silica

particles in water (i.e., a slip) is poured into a plaster mold,

the water is drained away, and a cast part is left for drying and

firing. In the foamed-slip method, air bubbles are introduced

into the silica slurry and the slip is cast and processed in a

similar manner as that for the slip-cast article. The resulting

material has a lower density than conventional, slip-cast fused

silica. The pressure-sintering process used in this program

involved filling a chamber with silica powder, compressing the

powder to between 2.1 and 2.8 GN/m 2 (30 000 to 40 000 lb/in.2 ),
and then postfiring the article. Most of the effort of this pro-

gram pertained to slip-casting, since it became readily apparent

that this configuration was the most suitable for use as a fused

silica reflecting heat shield.

A. Preparation of Fused Silica Powders

1. Materials.- Two types of fused silica were used on this

program. One, designated GE 204, was a high-purity, upgraded

natural quartz obtained from General Electric. Table 6 shows

typical impurity levels for this material.

TABLE 6.- GE 204 IMPURITIES

Concentration, ppm
Element. (GE-supplied data)

Aluminum . 26

Calcium 5.0

Iron 3.5

Lithium <0.5

Magnesium 1.2

Potassium 3.3

Sodium 3.0

The GE 204 material was used for most of the fabrication and test-
ing efforts, and for studying the.effects of particle size on re-

flectance.

The second material was Suprasil, an ultrahigh-purity, syn-

thetic fused silica obtained from Amersil Incorporated. This

material is prepared by the vapor-phase hydrolysis of silicon

tetrachloride. Table 7 shows typical impurity levels reported

for Suprasil.
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TABLE 7.- SUPRASIL IMPURITIES

Concentration, ppm
Element (Amersil-supplied data)

Aluminum 0.1

Calcium 0.1

Iron 0.2

Lithium 0.05

Magnesium 0.1

Potassium 0.001

Sodium 0.04

The Suprasil was used to determine the increase in reflectance that

could be obtained from an ultrahigh-purity, synthetic fused silica.

2. Comminution of materials.- Two methods were used to reduce

the size of the crushed, fused silica materials: ball milling,

using an alumina ball mill, and fluid-energy milling. The GE 204

fused silica was comminuted entirely by ball milling with 85%

alumina. The crushed material was added to the mill in the ratio

of. 82 parts of crushed silica to 18 parts of distilled water.

Each batch was milled for about 48 hours, until the mean particle

diameter (as determined by ASTM Method 152H) was about 8 pm.

The ultrahigh-purity Suprasil material was ball-milled and

fluid energy-milled. In fluid-energy milling, the silica particles

are allowed to grind themselves, rather than being ground by other

materials. This produces a less contaminated powder. As shown in

figure 16, the silica particles are carried by opposing, high-

velocity air streams and collide and break up, forming smaller

particles.

The fluid-energy milling of Suprasil caused some organic

contamination by abrading the polyurethane liners of the mill and

other polyurethane parts. This problem could be alleviated by us-

ing high-purity, slip-cast, fused silica liners and internal parts

in the mill. Since such liners were not available, we decided to

comminute the Suprasil using a 99% alumina ball mill.

3. Classification of powders.- The silica powder was classi-

fied into discrete particle-size ranges via sedimentation in

aqueous media, applying Stoke's law. The fused silica slip that

remained after ball-milling, which contained about 82% solids,

was diluted and allowed to settle for successively longer times

to obtain different ranges of particle size.
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Figure 16.- Fluid-energy mill used to comminute the fused silica particles

Each batch consisted of 800 g of slip (656 g of fused silica
solids) diluted with distilled water to a total volume of about
12 300 cm3. This dilute suspension contained about 5% solids. The
settling vessels were polyurethane-lined steel drums with an inner
diameter of 28 cm and an inner height of about 34 cm. The diluted
800 g of 82% slip filled the buckets to a height of 20 cm.

The suspension in the first bucket was allowed to settle for
2 minutes, and all the supernatant liquid was decanted to the
second bucket. The contents of the second bucket were then allowed
to settle for 4 minutes, after which the supernatant liquid was
transferred to the next bucket, where it was allowed to settle
for 7 minutes, and so on. This process is shown in figure 17.
The supernatant liquid was successively settled for 2, 4, 7, 10,
15, 60, 180, and 1440 minutes. The supernatant liquid was dis-
carded after the 1440-minute settling.

After this, the residue in the first bucket (2-minute settling
time) was resuspended by filling the bucket with distilled water
to a height of 20 cm. The material was then resettled for 2
minutes and the supernatant liquid was successively poured into
the remaining buckets, resettling all the residues a second time.
After being decanted from the 1440-minute drum, the second batch
of supernatant liquid was also discarded.
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Figure 17.- Classification of milled, fused silica particles
by sedimentation in aqueous media

The residues in each bucket were then transferred to drying
dishes by rinsing them from the buckets with distilled water.
These drying dishes were placed in a filtered, circulating-air
oven and dried at about 3400 K. The powders were then kiln-roasted
at about 1070 0K for 12 hours and transferred to individual storage
containers, ready for use in producing the slips.

The results of our particle-size analyses for these classified
powders are shown in figure 18. The distribution for the <2 minutes
(Particle Size 1) material was not determined because this size was
not used for preparing test samples. The distributions for the
<180 minute (Particle Size 7) and the <1440 minute (Particle Size 8)
material are not shown because the validity of this method is
questionable for such small particles, and also because the par-
ticles tend to flocculate, giving misleading results. (See the
appendix for scanning electron microscope photographs of some of
thedifferent particle sizes.)
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Figure 18.- Size determination for different fused silica particles

B. Preparation of Slip-Cast Configurations

Slip-cast, fused silica configurations were fabricated from

GE 204 continuous-particle-size slip and from GE 204 monodisperse

particle-size slips that had been prepared from the sedimentation-

classified powders. Essentially 10 configurations, made from dif-

ferent-sized powders, were prepared and tested. The configurations

are summarized in table 8. The first five configurations listed

above were made entirely from one particle size; these are described

as "100% monodisperse." The last five configurations were made from

blends of two particle sizes; these configurations are described as

"75125% blend."

In addition, a continuous-particle-size slip was cast from

the ball-milled Suprasil fused silica and tested.
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TABLE 8.- SLIP-CAST FUSED SILICA CONFIGURATIONS MADE

FROM DISCRETE PARTICLE SIZES

Configuration Primary Secondary
number Component, w/o component, w/o

1 Particle size 2, 100% None 100% monodisperse

2 Particle size 3, 100% None 100% monodisperse

3 Particle size 4, 100% None 100% monodisperse

4 Particle size 5, 100% None 100% monodisperse

5 Particle size 6, 100% None 100% monodisperse

1B Particle size 2, 75% Particle size 6, 25% 75/25% blend

2B Particle size 3, 75% Particle size 7, 25% 75/25% blend

3B Particle size 4, 75% Particle size 7, 25% 75/25% blend

4B Particle size 5, 75% Particle size 8, 25% 75/25% blend

5B Particle size 6, 75% Particle size 8, 25% 75725% blend

1. Plaster mold preparation.- The slip-cast configurations

were cast in plaster molds. The plaster was No. 1 Molding Plaster

obtained-from the U.S. Gypsum Company and was mixed using 60 parts
of plaster to 40 parts of water.

Three types of molds were used in preparing the test specimens.

The spectrophotometer models were 3.18-cm-diameter discs that were

cast using the 3-piece mold shown in figure 19 and machined to

different thicknesses. The xenon-arc lamp models for high-intensity-

radiation tests were 5.08-cm-diameter discs machined to different

thicknesses that were cast using the type of mold shown in figure

20. The flexure models were cut from the 14.0 by 8.26 by 1.27-cm

billets cast using the mold shown in figure 21.
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1.52 cm (0.6 in.)

3.18 cm (1.25 in.)

a) Top view
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1.91 cm (0.75 in.)

o---7.62 cm
(3.0 in.)

b) Front view

Figure 19.- Plaster mold used to prepare the slip-cast, fused

silica models for the spectrophotometer tests
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2.29 cm
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a) Top view
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10.2 cm a
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b) Front view

Figure 20.- Plaster mold used to prepare the slip-cast,

fused silica models for the xenon, arc-lamp tests
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Figure 21.- Plaster mold used to prepare the slip-cast, fused
silica billet for the flexure tests



2. Colloidal silica.- Colloidal silica was used in preparing

the configurations from the 100% monodisperse and 75/25% blend

slips, but was not used to prepare configurations from the con-
tinuous-particle-size slip (the latter slip contains essentially
colloidal-size particle as a result of ball milling). In the dis-

crete-particle-size sllps, the colloidal silica acts as a dis-
persant, to aid in deflocculating the silica particles, and also

as a binder, to strengthen the cast article before firing. Without
colloidal silica, the cast articles made from the 100% monodisperse

and 75/25% blend slips have almost no green strength. The solids

content of the aqueous colloidal silica is typically about 30%.

Most commercially available colloidal silicas are sodium ion-

stabilized. Because sodium increases the absorption of fused

silica, such sols are undesirable. As a result, we considered

the use of an ammonium ion-stabilized colloidal silica called

Ludox AS, which is made by DuPont. However, atomic absorption
and flame emission analyses on several lots of Ludox AS revealed

sodium contamination of about 860 ppm of aqueous colloid. Even

though small amounts of colloidal silica are used in preparing

the reflecting silica configurations, this amount of sodium con-

tamination was considered too high. We then turned to a low-

sodium experimental Ludox AS, whose sodium content is only about

30 ppm of aqueous colloid. Samples of this low-sodium material

were obtained from DuPont and used throughout.this program.

Table 9 compares our chemical assay results for the regular

Ludox AS and the experimental, low-sodium Ludox AS used on this

program. Figure 22 shows the amount of sodium introduced in the

final slip-cast configuration in terms of the proportion of

colloidal silica used to prepare articles from the 100% mono-

disperse and 75/25% blend slips.

TABLE 9.- LUDOX AS IMPURITIES

Concentration in solids, ppm

Element Experimental Ludox AS*
Regular Ludox AS (low sodium)

Aluminum -- -

Calcium <<5.0 <<5.0

Iron 140 37.5

Lithium <<0.18 << .18

Magnesium 33 5.0

Potassium <13 .95

Sodium 2870 88

*Lot 1239-182, solids content = 29.1%
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Figure 22.- Sodium contamination introduced by Ludox AS colloidal

silicas in slip-cast fused silica
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3. Slip preparation.- The continuous-particle-size slips

made from GE 204 and Suprasil required essentially no preparation

after ball milling. The solids content and pH were checked before

the slips were cast, and necessary corrections were made as re-

quired. 'No colloidal silica was added to the continuous-particle-

size slips.

In preparing the 100% monodisperse and 75/25% blend slips,

the experimental, low-sodium colloidal silica constituted 6% of the

total solids. These fused-silica slips could not be stored because

particle settling occurs and the degree of mixing required to

resuspend the particles changes the particle-size distribution.

In addition, with time the colloidal silica begins to gel. Con-

sequently, we prepared only enough slip for immediate casting.

In preparing the 100% monodisperse slips using 6% of colloidal

silica solids and 94% of fused silica particles, we achieved a

solids content of 72%. (Higher-solids-content slips can be made,

but their high viscosity makes them difficult to use.) Distilled

water was added to the aqueous colloidal silica and the pH was

adjusted to 5.0 using 6N hydrochloric acid. Then the fused silica

powder was added gradually until the solids content reached 72%.

Adding the powder too rapidly can leave a dry paste.

When all the powder was added, we rolled the slip on a jar

mill for 30 minutes to assure thorough mixing. Prolonged rolling

produces smaller particles, so rolling should not exceed 30

minutes.

Adjusting the pH to 5.0 reduced the electronic double layer

on the colloidal silica and fused silica particles and gradually

allows them to cohere.

After being rolled, the slip was placed under a vacuum to

remove entrapped air bubbles.

The preparation of the 75/25% blend slips was similar to

that for the 100% monodisperse slips. The aqueous colloidal

silica, which comprised 6% of the total solids, was mixed with

distilled water and the pH was adjusted to 5.0. The fused silica

powders were then added gradually to achieve a total solids

content of 76%. As in the previous case, a solids content higher

than this causes the slip to become too viscous. The slip was

then rolled on a jar mill for 30 minutes and subsequently placed

undgr a vacuum.

4. Casting.- The molds for the continuous-particle-size

slips, the 100% monodisperse particle-size slips, and the 75/25%

blend slips were all prepared for casting in the same way. First,

they were dried overnight in a circulating air oven at about

350 0 K. Then they were disassembled and the inside surfaces were
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generously sprayed with a 20% aqueous starch solution. The starch

acts as a mold-release agent, allowing the casting to be easily
separated from the mold, and allowing the draining away of water

from the slip via capillary action.

The continuous-particle-size slips were thoroughly rolled on

a jar mill for at least 2 hours before being cast. Afterward, the

slip was placed under a vacuum to remove entrapped air, and then
poured into the mold, making sure the reservoir was filled. As the
water drained away from the slip and the particles compacted, more

slip had to be added periodically to keep the mold reservoir full.

The number of times that the reservoir needs to be refilled de-
pends on the size of the article being cast. A wet cloth should
be placed over the mold between fillings to keep the exposed sur-
face of the slip from drying out.

The length of time required for the slip to drain depends on

the size of the cast article, but generally takes longer than
1 hour.

To cast the 100% monodisperse and 75/25% blend slips, we used

a slightly different procedure. After placing the slips under a

vacuum for about 5 minutes to remove entrapped air, they were
stirred slowly in a manner that does not introduce air bubbles,
so that any settled particles would be resuspended. After this,

the slips were poured into the plaster molds. Pouring has to be

done rapidly because the slips drain very quickly, and the mold

has to be completely filled before drainage occurs. Depending on

the particle size of the 100% monodisperse and 75/25% blend slips,
drainage generally takes between 10 and 60 seconds. The larger-

particle slips drain more rapidly than the smaller ones.

For the 100% monodisperse and 75/25% blend slips, the mold

reservoir generally had to be refilled only once. The degree of

compacting for these slips was considerably less than that for the

continuous-particle-size slips.

5. Drying and firing.- The amount of drying required de-

pended on the size of the slip-cast article. For casting the

14.0 by 8.26 by 1.27-cm flexure model billets, we let them dry in

their molds for about 48 hours at ambient temperature, then

removed them from the molds and dried them in a circulating air
oven at about 340 0K for 24 hours. Finally, they were dried an

additional 24 hours in the circulating air oven by gradually
raising the temperature to 450 0K and maintaining it at that level.

Different firing schedules were used for the continuous slips

and for the 100% monodisperse and 75/25% blend slips. For the

continuous slips, the firing schedule was 4 hours at 14780K. For

the 100% monodisperse and 75/25% blend slips, the firing schedule
varied from 2 hours at 1534 0K to 5 hours at 1534 0 K, depending on
the size of particles used in the slips. Larger particles

37



required longer firing times. (See the appendix for scanning

electron microscope photographs of different-sized particles under

different firing conditions.)

C. Preparation of Foamed Slip Configration

In this phase of the program we investigated foamed versions of

the slip-cast, fused silica configurations, primarily because they

have a significantly lower thermal conductivity than regular slip-

cast silicas. The foam was produced using the small, laboratory-

size foam generator shown in figure 23.

A surfactant called Arquad 16-50 (Armak Company, Chicago,

Ill.), which is a quarternary ammonium salt, was used in conjunc-

tion with the low-sodium, experimental, Ludox AS colloidal silica

to produce the silica foam. Thirty-three grams of colloidal silica

and 0.80 g of Arquad 16-50 were added to the foam generator, mixed,

and foamed until the foam reached a height of about 5.0 cm (about

half the height of the foam generator cylinder), depending on the

density of the foamed slip desired. Then 90 g of fused silica

solids, in slip form, were blended in and thoroughly mixed. The

foamed slip was then cast, dried, and fired in a similar fashion

to the slip-cast configuration described in the previous section.

D. Preparation of Pressure Sintered Configuration

Various compacting methods were investigated during this pro-

gram, including standard die compacting, hot pressing, and isostatic

pressing at room temperature, followed by vacuum firing. The ex-

tensive lamination of the test pieces formed by die compacting

made this approach appear impractical. Hot-pressing techniques

showed considerable merit, but the best results thus far were

obtained using isostatic pressing.

The procedures followed in this method include these princi-

pal steps:

1. The powder was loaded into a metal tube lined with .a thin

rubber (Gooch) tubing, and tamped to ensure uniform load-

ing;

2. The Gooch tubing was closed at -both ends with rubber

stoppers;

3. A hypodermic needle was inserted through one of the

rubber stoppers and connected to a vacuum pump to re-

move entrained gases;
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Figure 23.- Foam generator used to prepare the foamed-
slip, fused silica configuration
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4. The hypodermic needle was removed from the stopper, and

the packed Gooch tubing was removed from the metal tube,
taking care to avoid flexing the tubing;

5. The Gooch tubing was tied into a wire screen holder and

suspended in an oil pressure-transmitting medium;

6. A pressure of 3.2 GN/m 2 (46 000 lb/in.2) was applied to

the specimen through the oil bath and the Gooch tubing

for 5 minutes;

7. The compacted powders were carefully removed from the

Gooch tubing and fired in a vacuum furnace at 10-
3 N/m2

and 1448 0K to 1473 0K for approximately 20 hours.

Figures 24, 25, and 26 show the equipment used to prepare the

porous silica specimens from these powders. Figure 24 shows the

pressing chamber; figure 25, the control console; and figure 26,

the vacuum sintering furnace. The samples prepared in this manner

are briefly described in table 10.

TABLE 10.- DESCRIPTION OF POROUS SILICA SPECIMENS

Sintering conditions
Starting Compacting

powder pressure, Time, Temperature, Vacuum, Remarks

GN/m2 (lb/in.2 ) hr OK N/m2

2 2.8 20 1333 5.3 x 10- 3  Powdery surface.

(46 000)

4 2.8 18 1438 8.0

(46 000)

5 2.8 18 1393 6.7

(46 000)

6 2.8 8 1445

(46 000)

16 1333 8.0

6 2.1 16 1523 8.0 High shrinkage.

(30 000)
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Figure 24.- Chamber of isostatic
compacting unit

Figure 25.- Control console for
isostatic unit

Figure 26.- Vacuum-sintering furnace
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IV. LABORATORY EVALUATION TESTING

Test data and results were obtained for the slip-cast, foamed-

slip, and pressure-sintered fused silica configurations. The dif-

ferent configurations and samples were primarily evaluated using

three types of tests:

1) Spectrophotometer tests using a Beckman DK-2A spectro-

photometer with an integrating sphere;

2) Xenon arc-lamp, high-intensity-radiation tests;

3) Flexure tests using four-point loading.

The spectrophotometer tests consisted of measuring the re-

flectance and transmittance at various wavelengths for sample
discs of different thicknesses. The absorptance was calculated

via a conservation-of-energy method, in which the sum of the re-

flectance, transmittance, and absorptance is equal to one. The

wavelength ranged from 0.25 to 2.5 pm.

The discs were 3.18 cm (1.25 in.) in diameter and 0.25 cm

(0.10 in.), 0.51 cm (0.20 in.), or 0.76 cm (0.30 in.) thick, and

the inside of the integrating sphere had a white reference coat-

ing of MgO.

For the reflectance measurements the incident beam was 0.26

rad (15 deg) off normal; for the transmittance measurements, the

incident beam was normal to the surface.

A Tamarac. JP-50 xenon arc lamp was used in the high-intensity-
radiation tests to determine the transmittance vs. time and the

occurrence-of surface melting. Because silica has a high boiling

temperature, a high heat of sublimation, and a high reflectivity,

the mass loss was insignificant in these tests. This lamp pro-

duced the approximate spectral distribution shown in figure 27.

The incident radiation on the models ranged from 1100 to 1300

W/cm 2 (970 to 1140 Btu/ft 2-sec) for durations up to about 25

seconds.

The test models were 5.1-cm (2.00-in.) diameter discs with

thicknesses of 0.25 cm (0.10 in.), 0.51 cm (0.20 in.), or 0.76

cm (0.30 in.). The models were mounted adjacent to a calormeter

and the xenon lamp was operated at full power. A douser, or

radiation shield, was raised and lowered to control the radiation

exposure for precise time intervals. The radiant flux trans-

mitted through the model to the substrate was measured by a

copper-constantan, circular-foil, heat flux gage (Gardon-type

calorimeter), and the millivolt-vs-time output was monitored using

Bristol recorders.
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Figure 27.- Approximate spectral distribution for the Tamarac JP-50
high-intensity xenon arc lamp

The models were separated from the face of the calorimeterby a 0.10-cm (0.04-in.) thick, annular stainless steel shim,

which had an i. d. of 3.81 cm (1.5 in.) and an o. d. of 5.89 cm
(2.32 in.). This allowed the back of the model to be free-stand-
ing, which minimized the energy transfer to the calorimeter from
thermal conduction.

Transmittance was calculated from

T4 (4)

0

where

-H

I0 = intensity of the radiant energy incident to the calorimeter
without the model in place in W/cm2

E = calorimeter output, in mV

a = absorptivity of the high-emittance black coating applied to
the surface of the calorimeter

C ing, calibration constant for the calorimeter, in W/cm2-mV;
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The flexure tests were used to determine the modulus of rup-
ture and modulus of elasticity. The flexural models were bars
approximately 8.3 cm (3.25 in.) long, 1.9 cm (0.75 in.) wide, and
0.76 cm (0.30 in.) thick. These bars were tested as simply-
supported beams spanning a distance of 7.15 cm (2,81 in.) with
the load points located at the third span.

In addition to the above tests we determined the thermal
conductivity for a selected fused silica configuration. The
thermal conductivity was measured by the guarded hot plate
method. Also, selected samples were examined using a scanning
electron microscope to ascertain the degree of packing, degree
of sintering, and other microstructural details.

A. Slip-Cast Configuration Testing

As mentioned in Section III, we prepared and tested essen-
tially four types of slip-cast, fused-silica samples: continuous-
particle-size GE 204; 100% monodisperse GE 20.4; 75/25% blend GE
204; and ultrahigh-purity, continuous-particle-size Suprasil.

1. Spectrophotometer tests.

a. Continuous-particle-size GE 204: Several test samples
were made from continuous-particle-size GE 204 slips, primarily
as a standard for comparing the performance of other slip-cast
silica materials. Table 11 gives the reflectance, transmittance,
and absorptance vs. wavelength for 0.25-cm (0.10-in.) and 0.51-cm
(0.20-in.) thick discs prepared from continuous-particle-size GE
204 slip. As shown in the table, the sample-to-sample variation
is very slight. At 0.25 pm, the average reflectance was 62.2%.

Atomic absorption and flame emission analyses made after the
spectrophotometer tests showed that these samples contained about
9.2 ppm of sodium, 6.3 ppm of potassium, and less than 0.5 ppm of
lithium.

As discussed in Section III, colloidal silica was used to
prepare the 100% monodisperse and 75/25% blend configurations,
but was not used for the continuous-particle-size configurations.
The colloidal silica contains some sodium and thus introduces
some contamination into the slip-cast silica material. The propor-
tion used in preparing the 100% monodisperse and 75/25% blend slips
introduced about 6 ppm of additional sodium contamination into the
slip-cast article.
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TABLE 11.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS MADE FROM

CONTINUOUS-PARTICLE-SIZE GE 204 SLIP*

SNC-62, SNC-63, SNC-58, SNC-59, SNC-60, SNC-61,

Wavelength, t = 0.25 cm (0.10 n.) t = 0.25 cm (0.10 in.) t 0.51 cm (0.20 in.) t =0.51 cm (0.20 in.) t 0.51 cm (0.20 in.) t 0.51 cm (0.20 in.)

R, % T, % A, R , % T, % A, % R, % T, 0 A, R, % T, % A, % R, % T, % A, % R, % T, 0 A, %

0.25 62.6 0.0 37.4 62.7 0.0 37.3 62.4 0.0 37.6 61.6 0.0 38.4 61.9 0.0 38.1 62.1 0.0 37.9

0.30 70.0 0.0 30.0 70.2 0.0 29.8 70.9 0.0 29.1 71.2 0.0 28.8 70.8 0.0 29.2 . 70.9 0.0 29.1

0.35 84.4 0.0 15.6 84.4 0.0 15.6 85.0 0.0 15.0 85.5 0.0 14.5 85.4 0.0 14.6 85.4 0.0 14.6

0.40 89.7 0.3 10.0 89.5 0.3 10.2 90.8 0.0 9.2 91.2 0.2 8.6 90.7 0.3 9.0 91.0 0.2 8.8

0.45 91.8 0.8 7.4 91.7 0.7 2.6 92.6 0.1 7.3 93.4 0.2 6.4 92.3 0.3 7.4 92.8 0.3 6.9

0.50 92.9 0.9 6.2 92.8 0.9 6.3 94.0 0.1 5.9 95.2 0.3 4.5 93.9 0.4 5.7 94.3 0.3 5.4

0.60 94.1 1.3 4.6 94.0 1.3 4.7 95.3 0.2 4.5 95.8 0.4 3.8 94.7 0.5 4.8 95.2 0.4 4.4

0.70 96.0 1.7 2.3 95.9 1.8 2.3 96.2 0.8 3.0 96.1 0.6 3.3 96.4 0.7 2.9 96.2 0.6 3.2

0.80 96.0 2.3 1.7 95.9 2.3 1.8 96.3 0.9 2.8 - 96.2 0.8 3.0 96.5 0.8 2.7 96.3 0.7 3.0

0.90 96.0 2.8 1.2 95.9 2.7 1.4 96.5 1.1 2.4 96.2 1.0 2.8 96.6 1.0 2.4 96.3 1.0 2.7

1.00 95.8 3.1 1.1 95.7 3.0 1.3 96.6 1.4 2.0 96.4 1.2 2.4 96.8 1.2 2.0 96.5 1.3 2.2

1.20 95.3 3.5 1.2 95.0 3.6 1.4 96.2 1.6 2.2 95.9 1.5 2.6 96.3 1.5 2.2 96.1 1.4 2.5

1.40 94.0 3.7 2.3 93.8 3.7 2.5 94.6 1.3 4.1 94.4 1.2 4.4 94.8. 1.2 4.0 94.5 1.2 4.3

1.60 94.4 4.7 .9 94.5 4.9 .6 96.1 2.1 1.8 95.9 2.0 2.1 96.3 2.0 1.7 96.1 2.0 1.9

1.80 94.0 5.6 .4 94.0 5.7 .3 95.7 2.6 1.7 95.2 2.4 2.4 96.1 2.1 1.8 95.8 2.4 1.8

1.90 94.0 5.7 .3 93.9 5.7 .4 95.2 2.0 2.8 94.8 2.3 2.9 95.7 2.0 2.3 95.3 2.2 2.5

2.00 93.9 6.3 .2 94.0 6.4 .4 95.5 2.7 1.8 95.2 2.5 2.3 96.0 2.5 1.5 95.6 2.6 1.8

2.10 92.3 6.9 .8 92.2 7.0 .8 93.5 2.1 4.4 92.9 2.3 4.8 93.7 2.0 4.3 93.5 2.2 4.3

2.20 88.0 5.0 7.0 87.9 5.0 7.1 89.8 0.8 9.4 98.1 1.1 .8 94.6 2.0 3.4 94.3 1.4 4.3

2.40 90.2 6.3 3.5 90.3 6.4 3.3 91.3 1.3 7.4 91.0 1.5 7.5 92.1 1.3 6.6 91.5 1.3 7.2

2.50 87.8 5.1 7.1 87.9 5.1 7.0 87.9 0.2 11.9 87.3 0.5 12.2 88.2 0.2 11.6 87.8 0.3 11.9

*R - reflectance, T tcransmittance, A = absorptance.

To provide a better comparison with the 100% monodisperse and
75/25% blend configurations, some continuous-particle-size samples
were prepared with 6% colloidal silica solids. The effect of this
added sodium contamination was very noticeable at near-UV wave-
lengths, but had little effect at longer wavelengths.

Table 12 shows the spectrophotometer results for the colloidal
silica-doped, continuous-particle-size, GE 204 slip-cast models.
At 0.25 pm, the reflectance has fallen to about 53.0%, as compared
to 63% for samples without colloidal silica.

After the reflectance tests, atomic absorption and flame
emission analyses of the colloidal silica-containing models showed
that adding the colloidal silica raised the sodium contamination
to about 14.5 ppm, as compared to 9.2 ppm for the undoped contin-
uous-particle-size samples.

b. 100% monodisperse GE 204: Five different configurations
were studied that used 100% monodisperse slips made from GE 204,
with 6% colloidal silica solids. Each of these configurations
was made from a different particle-size powder:

Particle size Diameter, pm

2 20 to 40
3 13 to 24
4 10 to 21
5 7 to 18
6 5 to 11
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TABLE 12.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS MADE FROM

CONTINUOUS-PARTICLE-SIZE GE 204 SLIP WITH 6% COLLOIDAL SILICA SOLIDS*

SNC-68, SNC-69, SNC-64, SNC-65, SNC-66, SNC-67,

Wavelength, t 0.25 c (0.10 in.) t 0.25 cm (0.10 in.) t 0.51 cm (0.20 in.) t 0.51 cm (0.20 in.) t 0.51 (0.20 in.) t = 0.51 cm (0.20 in.)

m R, T, A, R, T, % A, % R, T, % A, % R, % T, % A, % R, % T, % A, % R, % T, % A,%

0.25 52.7 0.0 47.3 53.4 0.0 46.6 53.5 0.0 47.8 52.1 0.0 47.9 53.1 0.0 46.9 53.3 0.0 46.7

0.30 64.9 0.0 35.1 65.6 0.0 34.4 64.9 0.0 35.1 64.3 0.0 35.7 66.3 0.0 33.7 65.3 0.0 34.7

0.35 82.0 0.0 18.0 82.3 0.0 17.7 -2.2 0.0 i7.8 80.1 0.0 19.9 84.0 0.0 16.0 82.1 0.0 17.9

0.40 89.2 0.3 10.8 89.6 0.3 10.1 89.7 0.2 10.1 88.6 0.3 11.1 90.1 0.2 9.7 89.6 0.1 10.3

0.45 91.5 0.7 7.8 92.0 0.8 7.2 92.1 0.5 7.4 91.4 0.3 8.3 92.5 0.3 7.2 92.0 0.1 7.9

0.50 93.7 0.9 5.4 93.8 0.9 5.3 94.3 0.5 5.2 93.9" 0.3 5.8 93.5 0.3 6.2 94.3 0.1 5.6

0.60 94.4 1.2 4.4 95.0 1.2 3.8 95.4 0.6 4.0 95.0 0.4 4.6 95.1 0.4 4.5 95.3 0.2 4.5

0.70 96.3 1.8 1.9 95.9 1.7 2.4 96.1 0.5 3.4 95.8 0.5 3.7 96.4 0.7 2.9 96.1 0.7 3.2

0.80 96.3 2.2 1.5 96.1 2.3 1.6 96.2 0.5 3.3 96.0 0.7 3.3 96.3 0.8 2.9 96.3 0.8 2.9

0.90 96.2 2.7 1.1 96.2 2.7 1.1 96.4 1.1 2.5 96.4 1.0 2.6 96.2 1.1 2.7 96.1 1.2 2.6

1.00 95.8 3.1 1.1 95.8 3.0 1.2 96.5 1.3 2.2 96.7 1.2 2.1 96.7 1.4 1.9 96.5 1.3 2.2

1.20 95.4 3.6 1.0 95.5 3.3 1.2 96.4 1.3 2.3 96.3 1.5 2.2 95.9 1.6 2.5 96.2 1.6 2.2

1.40 94.2 3.8 2.0 94.3 3.6 2.1 94.8 1.4 3.8 94.6 1.2 4.2 94.7 1.3 4.0 94.7 1.3 4.0

1.60 94.4 4.9 .7 94.9 4.4 .7 96.6 1.8 1.6 96.2 2.1 1.7 96.0 2.1 1.9 96.4 2.0 1.6

1.80 94.2 5.6 .2 94.2 5.3 .5 95.5 2.0 2.5 95.4 2.6 2.0 95.7 2.5 1.8 95.8 2.5 1.7

1.90 94.0 5.7 .3 94.8 5.7 .5 95.1 1.8 3.1 95.0 2.0 3.0 95.0 2.2 2.8 94.9 2.0 3.1

2.00 94.0 6.3 .3 93.5 6.2 .3 95.3 2.0 2.7 95.3 2.7 2.0 95.8 2.7 1.5 95.2 2.6 2.2

2.10 92.6 7.0 .4 92.7 6.7 .6 93.7 2.3 4.0 93.4 2.3 4.3 93.9 2.2 3.9 93.4 2.0 4.6

2.20 88.2 4.9 6.9 89.2 4.4 6.4 94.4 1.3 4.3 94.3 1.3 4.4 94.4 1.4 4.2 98.1 1.2 4.7

2.40 90.4 6.4 3.2 90.7 6.3 3.0 91.3 1.4 7.3 91.5 1.5 7.0 91.5 1.4 7.1 91.3 1.3 7.4

2.50 88.0 5.0 7.0 1 88.2 4.9 6.9 87.8 0.5 11.7 88.0 0.5 11.5 87.4 0.3 12.3 88.0 0.3 11.7

*R - reflectance, T = transmittance, A - absorptance.

Spectrophotometer tests were performed on representative sam-

ples to measure the reflectance and transmittance of these config-
urations. The results for Particle Sizes 2 through 6 are given in

tables 13 through 17, respectively. These results show that smaller

particle sizes produce higher reflectance and lower transmittance
than larger particle sizes. The increased reflectance for smaller
particles is especially noticeable at shorter wavelengths.

TABLE 13.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS MADE FROM GE 204
PARTICLE SIZE 2, 100% MONODISPERSE, WITH 6% COLLOIDAL SILICA SOLIDS*

SN4-1 SN4-16, SN4-50, SN4-15, SN4-13, SN4-51,

Wavelength, t = 0.25 cm (0.10 in.) t = 0.25 cm (0.10 in.) t 0.51 cm (0.20 in.) t 0.51 em (0.20 in.) 0.76 cm (0.30 in.) t 0.76 cm (0.30 in.)

om R, % T, % A, % R, % T, % A, % R, % T, % A, % R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 61.5 0.0 38.5 55.6 0.0 44.4 52.6 0.0 47.4 50.5 0.0 49.5 59.9 0.0 40.1 55.9 0.0 44.1

0.30 75.0 0.6 21.8 66.0 0.0 34.0 69.9 0.0 30.1 67.2 0.0 32.8 75.0 0.1 24.9 73.5 0.0 26.5

0.35 85.1 1.9 13.0 81.7 0.8 17.5 83.2 0.1 16.7 82.1 0.2 17.7 85.4 0.1 13.5 84.7 0.0 15.3

0,40 88.9 2.5 8.6 87.0 2.3 10.7 88.2 0.5 11.3 87.8 0.6 11.6 88.7 0.1 11.2 88.0 0.1 11.9

0.45 90.1 2.7 7.2 89.9 2.9 7.2 90.7 0.7 8.6 90.4 0.8 8.8 90,4 0.2 9.4 90.2 0.1 9.7

0.50 91.7 2.9 5.4 91.2 3.0 5.8 92.2 0.8 7.0 91.7 0.9 7.4 92,3 0.2 7.5 91.7 0.2 8.1

0.60 93.0 3.2 3.8 92.2 3.2 4.6 93.7 1.0 5.3 93.4 1.1 5.5 93.7 0.3 6.0 93.1 0.2 6.7

0.70 95.0 3.2 1.8 94.2 3.2 2.6 95.3 1.1 3.6 95.1 1.2 3.7 95.2 0.5 4.3 95.0 0.4 4.6

0.80 95.3 3.6 1.1 94.5 3.6 1.9 95.6 1.5 2.9 95.3 1.8 2.9 95.9 0.9 3.2 95.2 0.9 3.9

0.90 95.2 3.8 1.0 94.3 3.8 1.9 95.9 1.6 2.5 95.6 1.8 2.6 96.1 1.0 2.9 95.4 1.0 3.6

1.00 95.3 3.8 .9 94.5 3.9 1.6 95.9 1.6 2.5 95.7 1.8 2.5 96.2 1.0 2.8 95.5 1.0 3.5

1.20 95.2 3.8 1.0 94.7 3.9 1.4 95.8 1.6 2.6 95.5 1.8 2.7 96.0 0.9 3.1 95.4 0.9 3.7

1.40 95.2 3.8 1.0 94.7 3.9 1.4 95.6 1.6 2.8 95.5 1.8 2.7 95.9 1.0 3.1 95.4 1.0 3.6

1.60 95.6 4.1 .3 94.9 4.2 .9 96.0 1.8 2.2 96.1 1.9 2.0 96.3 1.1 2.6 95.7 1.0 3.3

1.80 95.8 4.0 .2 95.4 4.2 .4 96.4 1.7 1.9 96.2 1.9 1.9 96.6 1.0 2.4 96.0 1.0 3.0

1.90 95.8 3.9 .3 95.8 3.8 .4 96.7 1.7 1.6 96.5 1.7 1.8 96.5 0.8 2.7 96.3 0.8 2.9

2.00 95.8 3.9 .3 95.7 3.8 .5 96.6 1.3 2.1 96.5 1.6 1.9 96.5 0.7 2.8 96.3 0.7 3.0

2.10 95.5 2.5 2.0 95.0 3.3 1.7 95.7 0.9 3.4 95.5 1.1 3.4 95.3 0.1 4.6 95.4 0.1 4.5

2.20 95.1 2.5 2.4 94.8 2.6 2.6 94.7 0.1 5,2 94.7 0.3 5.0 94.5 0.1 5.4 94.8 0.1 5.1

2.40 96.0 2.4 1.6 95.4 2.0 2.6 95.4 0.0 4.6 95.4 0.1 4.5 94.6 0.1 5.3 95.4 0.1 4.5

2.50 95.2 0.3 4.5 94.6 0.1 5.3 95.1 0.0 4.9 94.8 0.1 5.1 94.6 0.1 5.3 94.9 0.0 5.1

*R = reflectance, T = transmittance, A = absorptance.
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TABLE 14.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST

MODELS MADE FROM GE 204 PARTICLE SIZE 3, 100%

MONODISPERSE, WITH 6% COLLOIDAL SILICA SOLIDS*

SN7-20, SN7-18, SN7-17, SN-19,
Wavelength, t 0.25 cm (0.10 in.) t - 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t 0.76 cm (0.30 in.)

pm R, % T, % A, % R, % T, % A, % R, % T, 2 A, % R, % T, % A, %

0.25 63.8 0.0 36.2 63.2 0.0 36.8 65.3 0.0 34.7 62.9 0.0 37.1

0.30 73.2 0.0 26.8 71.1 0.0 28.9 77.8 0.0 22.2 72.8 0.0 27.2

0.35 86.6 0.4 13.0 85.1 0.0 14.9 86.6 0.0 13.4 85.4 0.0 14.6

0.40 90.0 1.5 8.5 89.7 0.5 9.8 90.3 0.5 9.2 90.1 0.2 9.7

0.45 91.8 1.7 6.5 92.2 0.6 7.2 91.9 0.6 7.5 92.0 0.3 7.7

0.50 93.2 1.8 5.0 93.6 0.8 5.6 93.7 0.8 5.5 93.8 0.4 5.8

0.60 94.3 2.0 3.7 94.5 1.0 5.5 95.3 1.0 3.7 94.5 0.4 5.1

0.70 96.0 2.1 1.9 96.2 1.0 4.5 96.6 1.0 2.4 96.4 0.4 3.2

0.80 96.1 2.4 1.5 96.6 1.3 2.1 96.6 1.2 2.2 96.6 0.7 2.7

0.90 96.3 2.6 1.1 96.6 1.5 1.9 96.7 1.4 1.9 96.6 0.8 2.6

1.00 96.2 2.7 1.1 96.6 1.5 1.9 96.8 1.5 1.7 97.3 0.9 1.8

1.20 96.1 2.7 1.2 96.3 1.5 2.2 96.6 1.5 1.9 96.6 0.9 2.5

1.40 96.2 2.7 1.1 96.3 1.5 2.2 96.6 1.4 2.0 96.3 0.8 2.9

1.60 96.6 2.8 .6 97.0 1.6 1.4 97.0 1.5 1.5 96.9 1.0 2.1

1.80 96.9 2.8 .3 97.0 1.5 1.5 97.3 1.5 1.2 96.8 0.9 2.3

1.90 97.4 2.9 .3 97.0 1.3 1.7 97.4 1.4 1.2 96.7 0.6 2.7

2.00 97.3 2.6 .1 96.8 1.3 1.9 97.2 1.2 1.6 96.5 0.5 3.0

2.10 96.6 2.3 1.1 95.8 0.8 3.4 96.2 0.8 3.0 95.3 0.1 4.6

2.20 96.4 1.5 2.1 94.9 0.2 4.9 95.4 0.2 4.4 94.2 0.1 5.7

2.40 97.0 1.1 1.9 95.8 0.2 4.0 96.1 0.1 3.8 94.2 0.1 5.7

2.50 96.7 0.3 3.0 95.8 0.2 4.0 96.1 0.1 3.8 94.2 0.1 5.7

R - reflectance, T = transmittance, A * absorptance.

TABLE 15.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS MADE FROM GE 204
PARTICLE SIZE 4, 100% MONODISPERSE, WITH 6% COLLOIDAL SILICA SOLIDS*

SN10-24, SN10-53 SN10-52, SN10-22, SN10-21, SN10-54,

Wavelength, t - 0.25 cm (0.10 in.) t - 0.25 cm (0.10 in.) t - 0.51 cm (0.20.in.) t 0.51 cm (0.20 in.) t - 0.76 cm (0.30 in.) t = 0.76 cm (0.30 in.)

m R, % T, 2 A, % R, 2 T, 2 A. 2 R,% T, X A, 2 R, X T,% A, X R, % T, 2 A, R, Z T, 2% A, 2

0.25 64.1 0.0 35.9 66.2 0.0 33.8 67.4 0.0 32.6 62.8 0.0 37.2 62.3 0.0 37.7 67.2 0.0 32.8

0.30 76.3 0.0 23.7 75.1 0.0 24.9 76.3 0.1 23.6 75.1 0.0 24.9 73.7 0.1 26.2 75.9 0.0 24.1

0.35 85.5 0.3 14.2 86.0 0.2 13.8 86.2 0.1 13.7 85.9 0.0 14.1 86.1 0.1 13.8 88.1 0.0 11.9

0.40 89.2 1.1 9.7 89.1 1.0 9.9 90.1 0.2 9.7 90.2 0.2 9.6 90.4 0.1 9.5 90.0 0.1 9.9

0.45 91.2 1.2 7.6 91.2 1.1 7.7 92.5 0.2 7.3 92.0 0.4 7.6 92.3 0.1 7.6 91.9 0.1 8.0

0.50 92.8 1.2 6.0 92.7 1.1 6.2 93.8 0.3 5.9 93.5 0.4 6.1 93.9 0.1 6.0 93.4 0.1 6.5

0.60 93.9 1.3 4.8 94.0 1.2 4.8 94.7 0.4 4.9 95.0 0.5 4.5 94.8 0.1 5.1 94.5 0.1 5.4

0.70 95.2 1.3 3.5 95.7 1.3 3.0 96.6 0.4 3.0 96.2 0.7 3.1 96.6 0.2 3.2 96.3 0.1 3.6

0.80 95.5 1.8 2.7 96.2 1.6 2.2 96.7 0.8 2.5 96.7 0.9 2.4 96.7 0.3 3.0 96.5 0.2 3.3

0.90 95.6 1.9 2.5 96.2 1.7 2.1 96.9 0.9 2.2 96.7 0.9 2.4 96.7 0.4 2.9 96.6 0.4 3.0

1.00 94.7 2.0 3.3 96.2 1.8 2.0 96.8 0.9 2.3 96.9 0.9 2.2 96.9 0.4 2.7 96.5 0.4 3.1

1.20 95.7 1.9 2.4 96.2 1.8 2.0 96.6 0.9 2.5 96.7 0.9 2.4 96.5 0.4 3.1 96.5 0.4 3.1

1.40 95.8 1.9 2.3 . 96.2 .1.8 2.0 96.8 0.9 2.3 96.5 0.9 2.6 96.4 0.4 3.2 96.4 0.4 3.2

1.60 96.1 2.1 1.8 96.4 2.0 1.6 97.2 0.8 2.0 97.0 1.0 2.0 96.8 0.5 2.7 96.7 0.4 2.9

1.80 96.4 2.1 1.5 96.7 2.0 1.3 97.4 0.7 1.9 97.2 0.8 2.0 96.8 0.3 2.9 97.0 0.3 2.7

1.90 97.0 2.0 1.6 96.7 2.0 1.3 97.4 0.7 1.9 97.2 0.8 2.0 96.7 0.2 3.1 97,0 0.2 2.8

2.00 96.7 1.7 1.6 96.7 1.7 1.6 97.4 0.5 2.1 97.0 0.6 2.4 96.5 0.1 3.4 96.8 0.1 3.1

2.10 96.1 1.4 2.5 96.1 1.3 2.6 96.5 0.1 3.4 95.9 0.3 3.8 95.5 0.1 4.4 95.9 0.1 4.1

2.20 95.5 0.8 3.7 95.7 0.7 3.6 95.9 0.1 3.4 95.1 0.0 4.9 94.5 0.1 5.4 95.4 0.0 4.6

2.40 96.8 0.1 3.1 96.1 0.2 3.7 96.1 0.1 3.8 95.5 0.0 4.5 94.9 0.1 5.0 95.7 0.0 4.3

2.50 95.9 0.1 4.0 95.9 0.1 4.0 95.9 0.1 4.0 95.2 0.0 4.8 94.9 0.1 5.0 95.5 0.0 4.5

R - reflectance, T = transmittance, A - absorptance.
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TABLE 16.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS

MADE FROM GE 204 PARTICLE SIZE 5, 100% MONODISPERSE,

WITH 6% COLLOIDAL SILICA SOLIDS*

SN15-25, SN15-27, SN15-55, SN15-26,

Wavelength, 
= 
0.25 cm (0.10 in.) t 0 .51 cm (0.20 In.) t = 0.51 cm (0.

2
0 in.) t = 0.76 cm (0.30 in.)

m R, % T. % A. % R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 69.0 0.0 31.0 69.6 0.0 30.4 69.3 0.0 30.7 69.7 .n 30.3

0.30 77.8 0.0 22.2 79.3 0.0 20.7 79.2 0.0 20.8 78.9 0.0 21.1

0.35 87.6 0.0 12.4 87.8 0.0 12.2 88.5 0.0 11.5 86.9 0.0 13.1

0.40 91.0 0.1 8.9 90.6 0.2 9.2 90.7 0.1 9.2 90.4 0.0 9.6

0.45 92.3 1.1 6.6 92.6 0.3 7.1 92.6 0.2 7.2 92.s 0.0 7.5

0.50 94.1 1.2 4.7 94.1 0.4 5.5 93.9 0.3 5.8 93.9 0.0 6.1

0.60 95.0 1.3 3.7 95.4 0.4 4.2 95.1 0.4 4.5 95.3 0.0 4.7

0.70 96.7 1.4 1.9 96.8 0.4 2.8 96.7 0.4 2.9 96.6 0.1 3.3

0.80 96.9 1.7 1.4 97.0 0.8 2.2 96.8 0.7 2.5 96.9 0.4 2.7

0.90 96.8 1.8 1.4 97.1 1.0 1.9 97.0 0.9 2.1 97.2 0.5 2.3

1.00 96.9 1.9 1.2 97.2 1.0 1.8 97.1 0.9 2.0 97.1 0.5 2.4

1.20 96.8 1.9 1.3 97.0 1.0 2.0 97.0 0.9 2.1 96.8 0.5 2.7

1.40 96.8 1.9 1.3 96.6 1.0 2.4 96.8 0.9 2.3 96.8 0.4 2.8

1.60 97.3 2.1 .6 97.0 1.0 2.0 97.1 0.9 2.0 97.2 0.5 2.3

1.80 97.5 2.1 .4 97.2 1.0 1.8 97.3 0.9 1.8 97.1 0.4 2.5

1.90 97.7 1.9 .4 97.3 0.9 1.8 97.3 0.8 1.9 97.0 0.2 2.8

2.00 97.6 1.8 .6 97.2 0.6 2.2 97.2 0.6 2.2 96.8 0.1 3.1

2.10 96.9 1.5 . 1.6 96.3 0.3 3.4 96.3 0.3 3.4 95.9 0.0 4.1

2.20 96.7 0.8 2.5 95.7 0.3 4.0 95.7 0.3 4.0 95.1 0.0 4.9

2.40 96.8 0.4 2.8 95.9 0.2 3.9 96.0 0.2 3.8 95.3 0.0 4.7

2.50 96.6 0.2 3.2 95.8 0.2 4.0 95.8 0.2 4.0 95.1 0.0 4.9

*R = refleccance, T = transmittance A 
= 
Absorptance.

TABLE 17.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS
MADE FROM PARTICLE SIZE 6, 100% MONODISPERSE, WITH 6%

COLLOIDAL SILICA SOLIDS*

SN60-12, SN60-10, SN60-56, SN60-8, SN60-7, SN60-57,
Wavelength, t 0.25 cm (0.10 in.) t = 0.25 cm (0.10 in.) t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t 

= 
0.76 cm (0.30 in.) t 0.76 m (0.30 in.)

Im R, % 7, % A, % R, % T, % A, % R, % T, % A, % R, % T, % A, Z R, % T, % A, % R, % T, % A, %

0.25 72.9 0.0 27.1 72.5 0.0 27.5 73.2 0.0 26.8 72.6 0.0 27.4 72.4 0.0 27.6 72.0 0.0 28.0

0.30 80.6 0.0 19.4 80.4 0.0 19.6 79.3 0.0 20.7 80.4 0.0 19.6 81.3 0.0 18.7 80.4 0.0 19.6

0.35 89.9 0.1 10.0 89.6 0.0 10.4 89.7 0.0 10.3 88.9 0.0 11.1 89.6 0.0 10.4 89.3 0.0 10.7

0.40 91.7 0.5 7.8 91.5 0.1 8.4 91.4 0.0 8.6 91.5 0.0 8.5 91.0 0.0 9.0 91.5 0.0 8.5

0.45 93.6 0.6 5.8 93.0 0.3 6.7 93.4 0.0 6.6 93.2 0.0 6.8 92.6 0.0 7.4 93.3 0.0 6.7

0.50 94.6 0.7 4.7 94.3 0.5 5.2 94.7 0.0 5.3 94.8 0.0 5.2 94.3 0.0 5.7 94.5 0.0 5.5

0.60 96.1 0.8 3.1 95.4 0.6 4.0 95.6 0.0 4.4 95.4 0.0 4.6 95.3 0.0 4.7 95.6 0.0 4.4

0.70 97.4 1.0 1.6 97.1 0.7 2.2 97.1 0.1 2.8 97.2 0.2 2.6 96.8 0.1 3.1 97.2 2.1 2.7

0.80 97.4 1.2 1.4 97.2 0.8 2.0 97.5 0.2 2.3 97.4 0.4 2.2 97.1 0.2 2.7 97.3 0.1 2.7

0.90 97.5 1.3 1.2 97.4 1.0 1.6 97.6 0.4 2.0 97.7 0.5 1.8 97.0 0.2 2.8 97.5 0.2 2.3

1.00 97.4 1.3 1.3 97.4 1.0 1.6 97.7 0.4 1.9 97.6 0.5 1.9 97.3 0.2 2.5 97.5 0.2 2.3

1.20 97.5 1.3 1.2 97.1 1.0 1.9 97.3 0.4 2.3 97.3 0.5 2.2 97.1 0.2 2.7 97.4 0.2 2.4

1.40 97.5 1.3 1.2 97.4 1.0 1.6 97.3 0.4 2.3 97.4 0.5 2.1 96.9 0.2 2.9 97.3 0.2 2.5

1.60 97.8 1.5 .7 97.6 1.1 1.3 97.8 0.5 1.7 97.4 0.7 1.9 97.2 0.2 2.6 97.6 0.2 2.2

1.80 98.4 1.5 .1 98.0 1.0 1.0 98.0 0.3 1.7 98.0 0.6 1.4 97.3 0.1 2.6 98.0 0.2 1.8

1.90 98.6 1.4 .0 98.2 1.0 .8 98.2 0.2 1.6 98.2 0.4 1.4 97.2 0.0 2.8 98.2 0.1 1.7

2.00 98.5 1.2 .3 98.1 0.8 1.1 98.1 0.2 1.7 98.2 0.2 1.6 97.1 0.0 2.9 98.1 0.0 1.9

2.10 98.0 1.0 1.0 97.5 0.7 1.8 96.4 0.1 3.5 97.3 0.2 2.5 96,3 0.0 3.7 97.2 0.0 2.8

2.20 97.9 0.4 1.7 97.4 0.1 2.5 96.8 0.1 3.1 97.0 0.2 2.9 96.0 0.0 4.0 97.2 0.0 2.8

2.40 98.4 0.1 1.5 97.5 0.1 2.4 96.9 0.0 3.1 97.1 0.2 2.9 96.1 0.0 3.9 97.2 0.0 2.8

2.50 97.6 0.1 2.3 97.5 0.1 2.4 96.9 0.0 3.1 96.9 0.2 2.9 96.2 0.0 3.8 97.0 0.0 3.0

*R = reflectance, T = transmittance, A absorptance.
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Figure 28 shows the average reflectance from 0.25 to 2.5 pm
for each of the five different particle-size configurations. These
reflectances represent averages for all models, since there is no
distinguishable change in reflectance for the different thicknesses
of the 100% monodisperse configurations that were tested.

Similarly, figure 29 shows the average reflectance over the
same spectral region for models made from Particle Size 6 and
0.51-cm (0.20-in.) thick models made from continuous-particle-
size GE 204, both with and without colloidal silica. Note that
the models prepared from 100% monodisperse Particle Size 6 have the
highest reflectance, and this is significantly higher than that
of both continuous-particle-size configurations.

Atomie absorption and flame emission analyses made of the
100% monodisperse test models after spectrophotometer testing
revealed that the level of alkali-metal contamination was higher
than anticipated. Assayed models made from Particle Sizes 2, 4,
and 6 consistently had contamination on the order of 18.1 ppm of
sodium and 19.3 ppm of potassium for the method of preparation
described in Section III. This excess alkali metal may have been
introduced in preparing the 100% monodisperse slips, most likely
during the 30-minute rolling of the slips in the glass jars prior
to casting. Since the jars were ordinary laboratory glassware,
and therefore had relatively high levels of alkali metals, the
abrasion of the silica particles against the glass walls could
have introduced significant amounts of-sodium and potassium.

Even with increased levels of alkali-metal contamination,
the monodisperse particle-size slips gave a higher reflectance
than the continuous-particle-size slips.

Figures 30 and 31 show average values of transmittance from
0.25 to 2.5 pm for 0.25-cm (0.10-in.) and 0.51-cm (0.20-in.) thick
discs made from the continuous-particle-size slips, and the 100%
monodisperse particle-size slips made from Particle Sizes 2, 4,
and 6. In addition to having the highest reflectance, these fig-
ures show that the smallest-particle-size monodisperse silica also
exhibited the lowest transmittance, especially at longer wave-
lengths. In addition, the 100% monodisperse configurations made
from Particle Sizes 4 and 6 had a lower transmittance than the con-
tinuous-particle-size configuration.

c. 75/25% blend GE-204: The density of the 100% monodisperse
slip cast configurations is relatively low, 1.35 g/cm 3 (84 lb/ft 3),
compared to 1.95 g/cm 3 (122 lb/ft 3) for the continuous-particle-
size configuration. This could be increased by increasing the
solids content of the slips and/or by changing either the pH or
the proportion of colloidal silica. However, a better way to in-
crease the density is to select particles that will give closer
packing in both the slip and the cast article. One way is to
select a second particle size whose diameter is 1/4 to 1/5 that
of the first particle size.
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Figure 28.- Spectral reflectance of 100% monodisperse slip-cast
configurations made from different particle sizes of
GE 204 fused silica
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Figure 29.- Spectral reflectance of different slip-cast
configurations made from GE 204 fused silica
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Figure 30.- Spectral transmittance of 0.25-cm (0..10-in.) thick
models of different slip-cast configurations made
from GE 204 fused silica
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Figure 31.- Spectral transmittance of 0.51-cm (0.20-in.) thick
models of different slip-cast configurations made
from GE 204 fused silica
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To implement this approach, two such particle sizes were

blended using 75% (by weight) of the larger and 25% (by weight)
of the smaller. The density of the resulting configurations was

about 1.50 g/cm 3 (94 ib/ft 3).

Spectrophotometer test results for 75/25% blend, slip-cast

configurations made from PS-2/PS-6, PS-4/PS-7, and PS-6/PS-8 are

given in tables 18, 19, and 20, respectively.

TABLE 18.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS MADE FROM

PARTICLE SIZE 2, 75/25% BLEND, WITH 6% COLLOIDAL SILICA SOLIDS*

SN4-76, SN4-77, SN4-78,
Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.)

pm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 66.4 0.0 33.6 67.0. 0.0 33.0 67.0 0.0 33.0

0.30 75.4 0.1 24.5 75.7 0.0 24.3 76.0 0.0 24.0

0.35 85.7 0.1 14.2 85.4 0.0 14.6 86.3 0.0 13.7

0.40 90.0 0.2 9.8 90.3 0.2 9.5 90.0 0.3 9.7

0.45 92.3 0.2 7.5 92.3 0.3 7.4 91.4 0.3 8.3

0.50 93.5 0.3 6.2 93.6 0.3 6.1 93.1 0.3 6.6

0.60 94.7 0.3 5.0 95.0 0.4 4.6 94.4 0.5 5.1

0.70 96.5 0.4 3.1 96.6 0.7 2.7 95.8 0.7 3.5

0.80 96.5 0.7 2.8 96.9 0.9 2.2 96.1 0.9 3.0

"0.90 96.7 0.8 2.5 96.8 0.8 2.4 96.3 0.9 2.8

1.00 96.6 0.9 2.5 96.7 0.8 2.5 96.2 0.9 2.9

1.20 96.5 0.9 2.6 96.6 0.9 2.5 96.4 0.9 2.7

1.40 96.5 0.8 2.7 96.6 0.8 2.6 96.7 0.8 2.5

1.60 96.9 0.7 2.4 96.7 0.9 2.4 96.8 1.1 2.1

1.80 97.0 0.7 2.3 96.9 0.7 2.4 97.1 1.1 1.8

1.90 97.1 0.8 2.1 97.1 0.8 2.1 97.4 1.1 1.5

2.00 97.0 0.6 2.4 97.0 0.6 2.4 97.0 1.1 1.9

2.10 96.4 0.2 3.4 96.3 0.4 3.3 95.9 0.9 3.2

2.20 95.9 0.1 4.0 95.7 0.1 4.2 94;9 0.5 4.6

2.40 96.2 0.1 3.7 96.2 0.0 3.8 95.6 0.5 3.9

2.50 96.0 0.1 3.9 95.9 0.0 4.1 95.5 0.3 4.2

*R = reflectance, T = transmittance, A = absorptance.
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TABLE 19.- SPECTROPHOTOMETER TEST RESULTS FOR

SLIP-CAST MODELS MADE FROM PARTICLE SIZE 4,
75/25% BLEND, WITH 6% COLLOIDAL SILICA SOLIDS*

SN10-79, SN10-80, SN10-81,
Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t 

=
0.51 cm (0.20 in.)

Pm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 69.4 0.0 30.6 69.7 0.0 30.3 70.6 0.0 29.4

0.30 76.4 0.0 23.6 78.1 0.0 21.9 78.2 0.0 21.8

0.35 85.9 0.0 14.1 87.7 0.0 12.3 87.7 0.0 12.3

0.40 89.9 0.0 10.1 89.4 0.0 10.6 91.6 0.0 8.4

0.45 91.5 0.0 8.5 91.0 0.0 9.0 93.2 0.0 6.8

0.50 93.5 0.0 6.5 93.2 0.0 6.8 95.0 0.0 5.0

0.60 94.7 0.0 5.3 94.0 0.0 6.0 96.6 0.0 3.4

0.70 96.7 0.1 3.2 96.7 0.0 3.3 94.9 0.2 4.9

0.80 96.9 0.6 2.5 96.9 0.4 2.7 95.3 0.8 3.9

0.90 97.1 0.7 2.2 97.1 0.5 2.4 97.1 0.8 2.1

1.00 97.0 0.8 2.2 97.1 0.6 2.3 97.2 0.8 2.0

1.20 97.0 0.8 2.2 96.3 0.6 3.1 97.0 0.8 2.2

1.40 96.4 0.6 3.0 97.0 0.2 2.8 96.7 0.7 2.6

1.60 97.0 0.9 2.1 96.9 0.7 2.4 96.9 0.9 2.2

1.80 97.0 0.9 2.1 97.0 0.8 2.2 97.1 1.0 1.9

1.90 97.6 0.7 1.7 97.3 0.7 2.0 97.4 0.9 1.7

2.00 97.6 0.9 1.5 97.6 0.6 1.8 97.7 0.9 1.4

2.10 96.6 0.5 2.9 96.7 0.5 2.8 96.8 0.8 2.4

2.20 95.2 0.0 4.8 95.0 0.1 4.8 95.4 0.2 4.4

2.40 96.5 0.0 3.5 96.5 0.0 3.5 97.1 0.1 2.8

2.50 95.5 0.0 4.5 95.8 0.0 4.2 96.2 0.0 3.8

R = reflectance, T = transmittance, A = absorptance.

TABLE 20.- SPECTROPHOTOMETER TEST RESULTS FOR
SLIP-CAST MODELS MADE FROM PARTICLE SIZE 6,

75/25% BLEND, WITH 6% COLLOIDAL SILICA SOLIDS*
SN60-84, SN60-85, SN60-86,

Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.)
pm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 71.1 0.0 28.9 72.2 0.0 27.8 71.6 0.0 28.4

0.30 79.3 0.0 20.7 79.7 0.0 20.3 79.6 0.0 20.4

0.35 89.0 0.0 11.0 88.8 0.0 11.2 88.9 0.0 11.1

0.40 91.7 0.0 8.3 91.3 0.0 8.7 91.6 0.0 8.4

0.45 93.6 0.0 6.4 93.2 0.0 6.8 93.4 0.0 6.6

0.50 95.0 0.0 5.0 94.6 0.0 5.4 94.7 0.0 5.3

0.60 95.9 0.0 4.1 95.8 0.0 4.2 95.9 0.0 4.1

0.70 97.5 0.1 2.4 97.4 0.1 2.5 97.4 0.0 2.6

0.80 97.7 0.2 2.1 97.5 0.2 2.3 97.7 0.2 2.1

0.90 98.0 0.4 1.6 97.6 0.4 2.0 97.8 0.3 1.9

1.00 98.0 0.4 1.6 98.1 0.4 1.5 98.0 0.4 1.6

1.20 97.9 0.4 1.7 98.0 0.4 1.6 97.8 0.4 1.8

1.40 97.8 0.5 1.7 97.8 0.5 1.7 97.8 0.5 1.7

1.60 98.0 0.4 1.6 98.0 0.5 1.5 98.1 0.4 1.5

1.80 98.5 0.3 1.2 98.2 0.4 1.4 98.4 0.3 1.3

1.90 98.7 0.2 1.1 98.3 0.2 1.5 98.5 0.2 1.3

2.00 98.6 0.0 1.4 98.2 0.0 1.8 98.4 0.0 1.6

2.10 98.0 0.0 2.0 97.6 0.0 2.4 97.8 0.0 2.2

2.20 97.7 0.0 2.3 97.4 0.0 2.6 97.6 0.0 2.4

2.40 97.6 0.0 2.4 97.2 0.0 2.8 97.5 0.0 2.5

2.50 97.5 0.0 2.5 97.2 0.0 2.8 97.5 0.0 2.5

R = reflectance, T = transmittance, A = absorptance.
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The same trend prevails for the blends as for the 100% mono-
disperse particle-size slips: The smallest particles produce
the highest reflectance and the lowest transmittance.

Figure 32 shows the spectral reflectance for the three 75/25%
blend configurations described in tables 18 through 20.

By comparing these values with those shown in figure 28 for
the 100% monodisperse configurations, it can be seen that for a
given particle size, e.g., PS-2, adding the smaller particles in-
creases the reflectance. However, for the 75/25% blend configura-
tion made from PS-6/PS-8, the reflectance is not significantly
improved over that for the 100% monodisperse PS-6 configuration
at near-UV wavelengths. This is probably caused by two opposing
effects: Although using smaller particles may improve the scat-
tering, it also increases the contamination. During classifica-
tion, foreign particles abraded from the ball milling equipment
are concentrated in the PS-8 particle fraction. Thus, while the
PS-8 particles may improve scattering of the matrix, they can also
absorb more radiation.

Figure 33 shows the spectral transmittance for the three
75/25% blend configurations and the continuous-particle-size
configuration made from GE 204. As expected, the transmittance
of the 75/25% blend configurations is lower than that for the
100% monodisperse configuration of the corresponding particle
size. In addition, the transmittance of the blends is signif-
icantly lower than that for the continuous-particle-size con-
figuration even though the latter material is 30% more dense.

d. Continuous-particle-size Suprasil: The reflectance of
slip-cast fused silica is very dependent on the presence of im-
purities such as alkali-metal contaminants, especially in the
UV region of the spectrum. As a result, we prepared a number of
slip-cast configuration from Suprasil (Amersil, Inc.) to deter-
mine the increased reflectance that could be obtained from a
higher-purity fused silica. The results of the spectrophotometer
tests on this material are given in table 21, and are compared
with those for the continuous-particle-size and Particle Size 6
100% monodisperse GE 204 fused silicas in figure 34. The Suprasil
produced a reflectance of about 83% at 0.25 pm. This represents
a substantial improvement over that obtained for the GE 204 con-
figurations at UV wavelengths.

Subsequent atomic absorption and flame emission analyses of
selected Suprasil samples revealed about 4.0 ppm of sodium and
3.1 ppm of potassium, or about half the amounts found in the GE
204 continuous-particle-size configuration.
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Figure 32.- Spectral reflectance of 75/25% blend, slip-cast config-

urations made from different particle sizes of GE 204
fused silica
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Figure 33.- Spectral transmittance of 0.51-cm (0.20-in.) thick
models of different slip-cast configurations made
from GE 204 fused silica
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TABLE 21.- SPECTROPHOTOMETER TEST RESULTS FOR SLIP-CAST MODELS MADE FROM
CONTINUOUS-PARTICLE-SIZE SUPRASIL SLIP*

SNC-74, SNC-75, SNC-70, SNC-71, SNC-72, SNC-73,
Wavelength, t 0.25 cm (0.10 in.) t= 0.25 m (0.10 in.) t= 0.51 c (0.20 in.) t =0.51 cm (0.20 in.) t 0.51 cm (0.20 in.) 0.51 em (0.20 in.)

R, % T, % A, R, % T, A, % R, % T, % A, % R, % T, % A, R, T, A, R, % T, A, %

0.25 83.3 0.0 16.7 83.4 0.0 16.6 83.5 0.0 16.5 82.8 0.0 17.2 83.0 0.0 17.0 83.5 0.0 16.5

0.30 85.4 0.0 14.6 85.6 0.0 14.4 86.0 0.0 14.0 84.7 0.0 15.3 85.4 0.0 14.6 86.3 0.0 13.7

U.J5 09.9 0.0 10.1 90.1 0.0 9.9 90.2 0.0 9.8 88.9 0.0 11.1 90.4 0.0 9.6 90.5 0.0 9.5

0.40 91.0 0.2 8.8 91.2 0.2 8.6 91.2 0.3 8.5 90.1 0.0 9.9 91.9 0.1 1 8.0 90.8 0.2 9.0

0.45 92.1 0.8 7.1 . 92.4 0.7 6.9 92.7 0.3 7.0 93.5 0.0 6.5 92.7 0.3 7.0 93.5 0.2 6.3

0.50 93.1 1.1 5.8 93.2 1.2 5.6 93.6 0.7 5.7 95.0 0.1 5.1 94.4 0.6 5.0 95.0 0.6 4.4

0.60 94.2 1.2 4.6 94.4 1.2 4.4 95.7 0.8 3.5 96.0 0.5 3.5 95.7 0.8 3.5 95.9 0.7 3.4

0.70 96.4 1.5 2.1 96.6 1.5 1.9 96.5 1.1 2.4 96.3 0.8 2.9 96.7 1.0 2.3 96.6 0.9 2.5

0.80 96.1 2.0 1.9 96.4 1.9 1.7 96.5 1.3 2.2 96.3 1.1 2.6 96.5 1.5 2.0 96.5 1.3 2.2

0.90 95.9 2.4 1.7 96.0 2.5 1.5 96.2 1.6 2.2 96.0 1.5 2.5 96.2 1.5 2.3 96.2 1.5 2.3

1.00 95.4 2.8 1.8 95.6 2.7 1.7 96.0 1.8 2.2 96.0 1.8 2.2 96.2 1.9 1.9 96.2 1.8 2.0

1.20 94.8 3.7 1.5 95,0 3.6 1.4 95.4 2.3 2.3 95.5 2.0 2.5 95.8 2.5 1.7 95.6 2.4 2.0

1.40 92.8 4.2 3.0 93.0 4.3 2.7 93.0 2.0 5.0 93.0 1.8 5.2 93.2 2.1 4.7 93.2 2.0 4.8

1.60 93.3 6.0 .7 93.5 5.9 .6 94.6 3.6 1.8 94.8 3.4 1.8 94.8 3.9 1.3 94.6 3.5 1.9

1.80 92.0 7.0 1.0 92.5 7.0 .5 93.7 4.2 2.1 93.7 3.8 2.5 93.7 4.5 1.8 93.8 3.9 2.3

1.90 91.0 7.3 1.7 91.3 7.0 1.7 91.9 3.8 4.3 92.0 3.5 4.5 92.1 4.0 3.9 92.1 3.6 4.3

2.00 91.3 8.5 .2 91.4 8.4 .2 92.6 4.8 2.6 92.8 4.3 2.9 92.7 5.1 2.2 92.8 4.7 2,5

2.10 88.1 8.4 3.5 88.2 8.3 3.5 90.3 4.4 5.3 90.5 3.9 5.6 90.4 4.8 4.8 90.5 4.4 5.1

2.20 84.7 7.5 7.8 84.9 7.6 7.5 85.2 3.0 11.8 85.3 3.6 11.1 85.4 3.3 11.3 85.4 3.3 11.3

2.40 84.2 9.5 6.3 84.2 9.4 6.4 86.1 4.3 9.6 86.3 3.6 10.1 86.3 4.5 9.2 86.3 4.2 9.5

2.50 80.9 7.7 11.4 81.3 7.4 11.3 81.0 2.8 16.2 81.1 2.0 16.9 81.0 3.2 1 .8 81.1 2.8 16.1

*R = reflectance, T = transmittance, A = absorptance.
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Figure 34.- Spectral reflectance of the slip-cast configuration made trom
Suprasil synthetic fused silica compared with the curves for
slip-cast configurations made from GE 204 fused silica
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Based on the results observed in this contract, a logical
next step in a reflective heat-shield development program would
be to determine the reflectance for 100% monodisperse configura-
tions and 75/25% blend configurations made from Suprasil.

2. Flexural strength tests.

a. Continuous-particle-size GE 204: Table 22 shows the re-
sults of the mechanical property tests on the continuous-particle-
size GE 204. The slip-cast models used in these tests were fired
for 4 hours at 14780 K (2200'F) and had a density of 1.93 g/cm 3

(120 1b/ft 3).

TABLE 22.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
CONTINUOUS-PARTICLE-SIZE SLIP, FIRED 4 hr AT 14780K

Density Modulus of rupture Modulus of elasticity
Model number g/cm 3  lb/ft 3  MN/m2  lb/in.2  GN/m 2  lb/in.2

FNC-34-1 1.93 120 39.6 5.75 x 103 29.2 4.24 x 106

FNC-34-2 1.94 121 35.0 5.07 27.1 3.93

FNC-34-3 1.91 119 37.4 5.43 27.8 4.04

FNC-34-4 1.94 121 37.6 5.46 28.7 4.16

FNC-34-5 1.94 121 27.2 3.95 28.4 4.12

FNC-35-1 1.93 120 39.6 5.75 30.6 4.44

FNC-35-2 1.92 120 33.0 4.78 25.3 3.66

FNC-35-3 1.92 120 37.6 5.45 27.3 3.96

FNC-35-4 1.95 122 34.2 4.96 29.2 4.24

FNC-35-5 1.93 120 36.1 5.23 29.8 4.32

FNC-35-6 1.93 120 31.2 4.53 27.6 4.00

Average 1.93 120 35.3 5.12 28.3 4.10

As shown above, the average modulus of rupture was 35.3
MN/m2 (5120 lb/in.2); and the average modulus of elasticity, 28.3
GN/m 2 (4.10 x 106 lb/in. 2).
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b. 100% monodisperse GE 204: Mechanical property tests were
performed on three slip-cast configurations made using 100% mono-
disperse particle sizes: PS-2, PS-4, and PS-6. The results of
these tests are given in tables 23, 24, and 25. All of these con-
figurations were fired for 5 hours at 1533 0K (23000F).

The PS-2 (20- to 40-pm-diameter) configuration had an average
density of 1.38 g/cm 3 (86.3 lb/ft 3), a rupture modulus of 16o2
il/m 2 (2360 lb/in.2), and a modulus of elasticity of 19.0 GN/m2

(2.76 x 106 lb/in. 2). The PS-4 (10- to 21-pm-diameter) config-
uration had an average density of 1.37 g/cm 3 (85.4 lb/ft3 ), a
rupture modulus of 17.9 MN/m2 (2590 lb/in. 2), and a modulus of
elasticity of 22.6 GN/m2 (3.28 x 106 lb/in. 2). The PS-6 (5- to
11-pm-diameter) configuration had an average density of 1.35
g/cm 3 (84.5 lb/ft 3), a rupture modulus of 14.6 MN/m2 (2120 lb/in.2),
and a modulus of elasticity of 17.1 GN/m 2 (2.48 x 106 lb/in.2 ).

Note that the 5-hr, 15330 K firing schedule used in this-pro-
gram is not necessarily the optimum firing schedule for these
configurations, and that the mechanical properties vary according
to the firing schedule. A subsequent SEM examination of the PS-6
configuration, for instance, indicated that a firing time of less
than 5 hours may be better for this particular particle size.
(See the appendix for these SEM photographs.) This may explain
why this sample had a lower modulus of rupture.

c. 75/25% blend GE 204: As mentioned earlier, the 75/25%
blend configurations were studied as a means of increasing the
density of monodisperse particle size, slip-cast fused silica.
A higher density reduces the surface recession during entry and
results in better mechanical strength.

Four 75/25% blend configurations were tested: PS-2/PS-6,
PS-3/PS-7, PS-4/PS-7, and PS-5/PS-8. The first three configura-
tions were fired for 5 hours at 15330 K (23000 F); the fourth con-
figuration was fired for 4 hours at 15330K (23000 F). Again, these
firing schedules are not necessarily optimum.

Tables 26, 27, and 28 are the test results for the PS-2/
PS-6, PS-3/PS-7, and PS-4/PS-7 configurations, respectively.

Note that the PS-2/PS-6 material exhibited the best prop-
erties--a rupture modulus of 23.6 MN/m 2 (3430 lb/in.2 ), and a
modulus of elasticity of 32.3 GN/m2 (4.68 x 106 lb/in.2). For a
low-density fused silica--l.50 g/cm3 (93.8 lb/ft 3)--this material
has good mechanical strength and stiffness. Its properties com-
pare favorably with those of higher-density, continuous-particle-
size materials.

The test results for the PS-5/PS-8 75/25% blend configura-
tion are given in table 29.
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TABLE 23.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 2, 100% MONODISPERSE, FIRED 5 hr AT 1533 0 K

Model number Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft 3  MN/m2  lb/in.2  GN/m 2  lb/in.2

FN4-54-1 1.37 85.5 17.0 2.46 x 103 19.3 2.80 x 106

FN4-54-2 1.40 87.4 16.3 2.36 18.6 2.70

FN4-54-3 1.38 86.2 14.9 2.16 19.0 2.76

FN4-54-4 1.38 86.2 13.6 1.97 17.4 2.52

FN4-54-5 1.38 86.2 19.4 2.82 20.8 3.02

Average 1.38 86.3 16.2 2.36 19.0 2,76

TABLE 24.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 4, 100% MONODISPERSE, FIRED 5 hr AT 15330 K

Model number Density Modulus of rupture Modulus of elasticity

g/cm3  lb/ft 3  MN/m2  lb/in. 2  GN/m 2  lb/in. 2

FN10-55-1 1.37 85.5 18.5 2.68 x 103  22.1 3.20 x 106

FN10-55-2 1.36 84.9 20.1 2.91 25.4 3.69

FN10-55-3 1.38 86.2 18.1 2.62 23.2 3.37

FN0O-55-4 1.37 85.5 12.9 1.87 18.7 2.71

FN10-55-5 1.36 84.9 19.8 2.87 23.6 3.42

Average 1.37 85.4 17.9 2.59 22.6 3.28

TABLE 25.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 6, 100% MONODISPERSE, FIRED 5 hr AT 15330 K

Density Modulus of rupture Modulus of elasticity
Model number

g/cm 3  lb/ft 3  MN/m2  lb/in.2  GN/m 2  lb/in. 2

FN60-46-1 1.37 85.5 14.0 2.03 x 103 16.0 2.32 x 106

FN60-46-2 1.33 83.0 14.1 2.05 15.5 2.25

FN60-46-3 1.36 84.9 15.3 2.22 17.5 2.54

FN60-46-4 1.35 84.3 13.0 1.88 17.8 2.50

FN60-46-5 1.36 84.9 16.7 2.42 19.4 2.81

Average 1.35 84.5 14.6 2.12 17.1 2.48
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TABLE 26.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 2, 75/25% BLEND, FIRED 5 hr AT 15330 K

Model number Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft3 MN/m2  lb/in. 2  GN/m 2  lb/in. 2

FN4-60-1 1.46 91.1 23.7 3.44 x 103 32.6 4.72 x 106

FN4-60-2 1.52 4.9 23.2 3.36 27.1 3.93

FN4-60-3 1.49 93.0 22.4 3.25 31.7 4.60
FN4-60-4 1.55 96.8 21.5 3.12 37.5 5.44

FN4-60-5 1.49 93.0 27.4 3.98 32.8 4.76

Average 1.50 93.8 23.6 3.43 32.3 4.68

TABLE 27.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 3, 75/25% BLEND, FIRED 5 hr AT 15330 K

Model number Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft 3  MN/m2  lb/in.2  GN/m 2  lb/in.2

FN7-61-1 1.56 97.4 20.5 2.97 x 103 28.7 4.16 x 106

FN7-61-2 1.57 98.0 19.0 2.76 30.3 4.40

FN7-61-3 1.55 96.8 20.6 2.99 32.3 4.68

FN7-61-4 1.56 97.4 23.6 3.42 36.4 5.28
FN7-61-5 1.56 97.4 22.1 3.21 35.0 5.08

Average 1.56 97.4 21.2 3.07 32.6 4.72

TABLE 28.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 4, 75/25% BLEND, FIRED 5 hr AT 1533 0K

Model number Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft3  MN/m 2  lb/in.2 GN/m 2  lb/in.2

FN1O-57-1 1.60 99.9 19.4 2.82 x 103 32.6 4.72 x 106

FN10-57-2 1.55 96.8 19.0 2.76 30.6 4.44

FN10-57-3 1.56 97.4 20.0 2.90 32.0 4.64
FN10-57-4 1.59 99.3 21.8 3.16 37.5 5.44

FN10-57-5 1.59 99.3 19.9 2.89 32.8 4.76

Average 1.58 98.5 20.0 2.91 33.1 4.80
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TABLE 29.- MECHANICAL PROPERTIES OF SLIP-CAST MODELS MADE FROM
PARTICLE SIZE 5, 75/25% BLEND, FIRED 4 hr AT 15330 K

Model number Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft 3  MN/m 2  lb/in.2  GN/m 2  lb/in. 2

FN15-62-1 1.57 98.0 22.2 3.22 x 103  35.3 5.12 x 106

FN15-62-2 1.57 98.0 18.4 2.67 26.6 3.85

FN15-62-3 1.57 98.0 23.3 3.38 36.1 5.24

FN15-62-4 1.56 97.4 21.1 3.06 36.1 5.24

FN15-62-5 1.56 97.4 16.3 2.37 24.5 3.55

Average 1.57 98.0 20.3 2.97 31.7 4.60

3. High-intensity-radiation tests.

a. Continuous-particle-size GE 204: Table 30 gives the
results of the xenon-arc lamp test for the continuous-particle-
size GE 204 slip-cast configuration. These tests were basically
conducted to compare to the 100% monodisperse and 75/25% blend con-
figurations. The test results were consistent under the incident
radiation fluxes of 1050 W/cm2 (928 Btu/ft2 -sec).

Note that the xenon arc-lamp spectrum contains considerably
more radiation at the longer-wavelength visible and IR regions,
where fused silica has a higher transmittance, than the antici-
pated outer-planet-entry shock layer radiation. Thus, the fused
silica configurations will transmit more of the xenon arc lamp
radiation. Other than this, it is difficult to directly relate
the transmittance of the test spectrum to that of the entry
spectrum.

b. 100% monodisperse GE 204: Table 31 shows the results of
exposing the GE 204 100% monodisperse configurations to a high-
intensity xenon arc-lamp radiation of 1190 to 1270 W/cm2 (1050 to
1120 Btu/ft 2 -sec). These tests corroborated the results of the
spectrophotometer tests: that is, for a given density and thick-
ness, models made from smaller particle sizes had a lower trans-
mittance.
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TABLE 30.- XENON ARC-LAMP TEST RESULTS FOR CONTINUOUS-PARTICLE-SIZE, SLIP-CAST GE 204

Thickness Incident flux Average
Model number Composition Transmittance, transmittance,

cm in. W/cm 2 Btu/ft 2 -sec % %

DNC-77 Continuous 0.76 0.30 1050 928 0.26
P-i . -. 0.25

DNC-78 Continuous 0.76 0.30 1050 928 0.24

particle size

DNC-79 Continuous 0.51 0.20 1050 928 0.58

particle size 0.57

DNC-80 Continuous 0.51 0.20 1050 928 0.56

particle size

DNC-81 Continuous 0.25 0.10 1050 928 1.42

particle size 1.41

DNC-82 Continuous 0.25 0.10 1050 928 1.40

particle size

TABLE 31.- XENON ARC-LAMP TEST RESULTS FOR THE 100% MONODISPERSE,
SLIP-CAST CONFIGURATIONS*

Average
Incident flux Transmittance,

Model number Composition Incident flux Transmittance, transmittance,
W/cm

2 
Btu/ft

2
-sec %

DN4-55 100% PS-2 1270 1120 0.826
DN4-56 100% PS-2 1270 1120 0.844 0.845
DN4-57 100% PS-2 1270 1120 0.864
DN7-110 100% PS-3 1190 1050 0.565
DN7-111 100% PS-3 1190 1050 0.580 0.570
DN7-112 100% PS-3 1190 1050 0.565
DN10-46 100% PS-4 1270 1120 0.494
DN10-44 100% PS-4 1270 1120 0.419 0.456
DN10-123 100% PS-4 1190 1050 0.455
DN15-117 100% PS-5 1190 1050 0.333
DN15-118 100% PS-5 1190 1050 0.339 0.329
DN15-119 100% PS-5 1190 1050 0.315
DN60-1 100% PS-6 1270 1120 0.160
DN60-3 100% PS-6 1270 1120 0.160 0.152
DN60-4 100% PS-6 1270 1120 0.136

All Models 0.51 cm (0.20 in.) Thick..
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c. 75/25% blend GE 204: Table 32 summarizes the irradiation
results for the GE 204 75/25% blend configurations. Of all the
different slip-cast materials tested, the PS-6/PS-8 configuration
exhibited the lowest transmittance, 0.135%, for a 0.51-cm (0.20-
in.) thick model.

TABLE 32.- XENON ARC-LAMP TEST RESULTS FOR THE 75/25% BLEND,
SLIP-CAST CONFIGURATIONS

Average
Incident flux Transmittance, Average

Model number Composition transmittance,
W/cm2 Btu/ft 2-sec %

DN4-125 75% PS-2, 25% PS-6 1190 1050 0.507
DN4-126 75% PS-2, 25% PS.-6 1190 1050 0.521 0.514
DN4-127 75% PS-2, 25% PS-6 1190 1050 0.515
DN7-90 75% PS-3, 25% PS-7 1190 1050 0.434
DN7-91 75% PS-3, 25% PS-7 1190 1050 0.451 \  0.442
DN7-142 75% PS-3, 25% PS-7 1190 1050 0.441
DN10-95 75% PS-4, 25% PS-7 1190 1050 0.300
DN10-130 75% PS-4, 25% PS-7 1190 1050 0.300 0.301
DN10-131 75% PS-4, 25% PS-7 1190 1050 0.302
DN15-136 75% PS-5, 25% PS-8 1190 1050 0.239
DN15-137 75% PS-5, 25% PS-8 1190 1050 0.241 0.245
DN15-138 75% PS-5, 25% PS-8 1190 1050 0.255
DN60-101 75% PS-6, 25% PS-8 1190 1050 0.135
DN60-100 75% PS-6, 25% PS-8 1190 1050 0.135 0.135
DN60-145 75% PS-6, 25% PS-8 1190 1050 0.134

All models 0.51 cm (0.20 in.) thick.

4. Thermal conductivity tests.- The thermal conductivity
of the continuous-particle-size, slip-cast, fused-silica config-
uration was determined by the guarded hot-plate method. This
configuration had a density of 1.95 g/cm 3 (f22 lb/ft3). At 436 0K
(324'F), k was found to be 0.269 J/m-s-*K (0.155 Btu/ft-hr-*F);
at 569 0 K (5650F), it was 0.386 J/m-s-oK (0.224 Btu/ft-hr-OF).
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B. Foamed-Slip Configuration Testing

To study the effect of reduced density on reflectance, we

attempted to produce lower-density, foamed-slip 
configurations

from the continuous-particle-size slips and the monodisperse

slips. The preparation of the foamed versions was originally

nlanned before we found that the 100% monndsperse and 75/25%

blend configurations had considerably lower densities than reg-

ular, continuous-particle-size, slip-cast fused silica. (The

advantage of a density lower than 1.95 g/cm
3 (120 lb/ft 3 ) for

regular, slip-cast fused silica is a significantly 
reduced thermal

conductivity.)

Because the 100% monodisperse configuration had a density of

1.35 g/cm 3 (84.5 lb/ft
3) we decided to try foamed configurations

to achieve a density lower than this. Using continuous-particle-

size slips, we successfully produced two foamed configurations

with densities of 1.18 g/cm
3 (73.7 lb/ft 3 ) and 0.980 g/cm

3

(61.2 lb/ft3), respectively. However, we were unable to produce

low-density foam configurations using the 100% monodisperse slips.

All the foamed, 100%-monodisperse-slip configurations con-

tained a myriad of small hairline cracks. Extensive efforts to

overcome this cracking problem were not undertaken, primarily

because our initial attempts showed that fused-silica confi ura-

tions with densities much lower than 1.35 g/cm
3 (84.5 ib/fti)

would be impractical for an outer-planet-entry heat shield due to

their high surface recessions. Subsequent optical tests were

conducted on the 100% monodisperse foam configuration, but the

cracking problem precluded mechanical tests.

A further problem encountered with the foam configuration

prepared from 100% monodisperse slip was that it required 16% (by

weight) of colloidal silica solids, which, according 
to the level

of purity for the presently available low-sodium collidal silica,

introduced about 16 ppm of sodium into the final configuration.

1. Spectrophotometer tests.

a. Continuous-particle-size GE 204: As mentioned above,

foamed-slip configurations with two different densities were

prepared from the continuous-particle-size slip. The higher-

density version was 1.18 g/cm3 (73.7 ib/ft3); the lower-density

version, 0.980 g/cm
3 (61.2 lb/ft3). Spectrophotometer test re-

sults for these configurations are given in tables 33 and 34.
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TABLE 33.- SPECTROPHOTOMETER TEST RESULTS FOR FOAMED-SLIP MODELS

MADE FROM CONTINUOUS-PARTICLE-SIZE SLIP, DENSITY =

1.18 g/cm
3 

(73.7 lb/ft
3
)*

SNC-103, SNC-104, SNC-105,

Wavelength, t 
= 

0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.)

vm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 50.0 0.0 50.0 54.5 0.0 45.5 50.8 0.0 49.2

0.30 60.2 0.0 39.8 62.1 0.0 37.9 60.5 0.0 39.5

0.35 77.5 0.2 22.3 80.0 0.1 19.9 78.2 0.2 21.6

0.40 83.7 0.4 15.9 84.1 0.4 15.5 83.8 0.5 15.7

0.45 88.0 0.5 11.5 88.0 0.6 11.4 88.2 0.5 11.3

0.50 92.0 0.6 7.4 92.1 0.6 7.3 92.1 0.6 7.3

0.60 93.8 1.1 5.1 93.9 1.2 4.9 93.9 1.2 4.9

0.70 94.1 1.4 4.5 94.3 1.5 4.2 94.1 1.4 4.5

0.80 94.2 1.9 3.9 94.4 2.0 3.6 94.1 1.9 4.0

0.90 94.4 2.0 3.6 94.5 2.0 3.5 94.4 2.1 3.5

1.00 94.4 2.1 3.5 94.7 2.0 3.3 94.5 2.2 3.3

1.20 93.8 2.2 4.0 94.0 2.1 3.9 93.8 2.2 4.0

1.40 93.7 2.0 4.3 93.9 2.0 4.1 93.6 2.0 4.4

1.60 94.1 2.3 3.6 94.3 2.4 3.3 94.4 2.5 3.1

1.80 93.8 2.9 3.3 94.0 3.0 3.0 94.2 3.0 2.8

1.90 93.0 2.8 4.2 93.5 2.9 3.6 93.7 3.0 3.3

2.00 92.5 2.8 4.7 93.1 2.9 4.0 92.8 3.0 4.2

2.10 91.0 2.7 6.3 92.1 2.8 5.1 91.7 2.8 5.5

2.20 92.0 2.6 5.4 92.9 2.7 4.4 92.5 2.6 4.9

2.40 90.0 2.2 7.8 90.8 2.3 6.9 91.0 2.1 6.9

2.50 84.6 2.1 13.3 85.1 2.2 12.7 87.1 2.1 10.8

*R = reflectance, T = transmittance, A = absorptance.
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TABLE 34.- SPECTROPHOTOMETER TEST RESULTS FOR FOAMED-SLIP MODELS MADE

FROM CONTINUOUS-PARTICLE-SIZE SLTP, DFNSITY = 0 980 g/cn
3

(61.2 lb/ft
3
)*

SNC-109, SNC-110, SNC-111,

Wavelength. t = 0.51 c.51 cm 0.20 in.)

Jm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 51.3 0.0 48.7 51.3 0.0 48.7 50.2 0.0 49.8

0.30 60.3 0.0 39.7 60.7 0.0 39.3 60.0 0.0 40.0

0.35 78.1 0.2 21.7 78.0 0.2 21.8 77.2 0.2 22.6

0.40 84.0 0.4 15.6 84.2 0.5 15.3 83.3 0.4 16.3

0.45 87.9 0.6 11.5 88.8 0.6 10.6 87.0 0.6 12.4

0.50 92.0 0.6 7.4 92.4 0.6 7.0 88.$ 0.6 10.9

0.60 93.8 1.1 5.1 94.2 1.2 4.6 93.3 1.1 5.6

0.70 94.0 1.4 4.6 94.5 1.5 4.0 93.2 1.5 5.3

0.80 94.0 1.8 4.2 94.8 1.9 3.3 93.5 1.9 4.6

0.90 94.3 2.2 3.5 94.9 2.1 3.0 94.0 2.0 4.0

1.00 94.3 2.3 3.4 94.9 2.0 3.1 94.0 2.0 4.0

1.20 94.1 2.2 3.7 94.2 2.2 3.6 93.8 2.2 4.0

1.40 93.8 2.0 4.2 94.0 2.0 4.0 93.6 2.0 4.4

1.60 94.2 2.4 3.4 94.5 2.4 3.1 93.9 2.4 3.7

1.80 93.8 2.9 3.3 94.2 2.9 2.9 93.5 3.0 3.5

1.90 93.0 2.9 4.1 93.5 3.0 3.5 93.1 2.8 4.1

2.00 92.6 2.8 4.6 93.1 2.9 4.0 92.6 2.9 4.5

2.10 90.9 2.8 6.3 91.6 2.7 5.7 90.6 2.8 6.6

2.20 91.9 2.6 5.5 92.5 2.6 4.9 91.6 2.6 5.8

2.40 90.5 2.1 7.4 90.6 2.3 7.1 90.4 2.3 7.3

2.50 86.0 2.0 12.0 85.2 2.1 12.7 84.0 2.1 13.9

R 
= 

reflectance, T = transmittance, A = absorptance.
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As shown in these tables, essentially no difference in op-
tical performance was detected between these two configurations.
Their reflectance was lower than that of the continuous-particle-
size, slip-cast configuration, primarily because of the 10% (by
weight) colloidal silica solids needed to foam the material.

b. 100% Monodisperse GE 204: Table 35 gives the spectro-
photometer test results for the 100% monodisperse foamed-slip
configuration. Particle Size 6 was used in this configuration
because these 5- to ll-im particles gave the highest reflectance
and lowest transmittance when used in the slip-cast configuration.

The test results showed that, although this configuration
contains 16% (by weight) of colloidal silica solids, its reflec-
tance is higher than that of the continuous-particle-size foamed
slip, which contains only 10% (by weight) of colloidal silica
solids.

2. Flexure tests.- Flexural tests were conducted only on
the continuous-particle-size, foamed-slip configuration: Because
of cracking, the 100% monodisperse, foamed-slip configuration was
not tested.

Table 36 gives the results for the 1.18-g/cm3 (73.9-1b/ft3)
version. This configuration had an average rupture modulus of
10.2 MN/m 2 (1470 Ib/in. 2) and an average modulus of elasticity of
20.7 GN/m 2 ( 3.00 x 106 lb/in.2). Table 37 gives the results
for the 0.980-g/cm3 (61.2-lb/ft3 ) version. This configuration
had an average rupture modulus of 7.66 MN/m2 (1110 lb/in. 2) and
an average modulus of elasticity of 19.9 GN/m 2 ( 2.89 x 106 lb/
in. 2).

3. Xenon arc-lamp tests.- Table 38 gives the results of the
high-intensity-radiation tests for all three foamed-slip con-
figurations. The 100% monodisperse configuration made from
Particle Size 6 had a noticeably lower transmittance than both
of the continuous-particle-size configurations, consistent with
the performance of this particle size for the slip-cast config-
urations.

C. Pressure-Sintered Configuration Testing

Pressure-sintered configurations were prepared from four
separate batches of 100% monodisperse material, Particle Sizes 2,
4, 5, and 6. The fabrication method for these configurations
posed several scaleup problems. Compared with the relative ease
of fabricating the slip-cast configuration, which was selected as
the primary silica reflecting heat-shield configuration, it
probably would be much more difficult to fabricate a full-size ,
pressure-sintered heat shield. As a result, we were unable to
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TABLE 35.- SPECTROPHOTOMETER TEST RESULTS FOR FOAMED-SLIP MODELS MADE FROM PARTICLE
SIZE 6, 100 MONODISPERSE, DENSITY = 1.10 gicm3 (68.7 lb/tt )

SN60-115, SN60-116, SN60-118,
Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.)

R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 61.0 0.0 39.0 58.0 0.0 42.0 63.5 0.0 36.5

0.30 70.1 0.0 29.9 70.0 0.0 30.0 70.5 0.0 29.5

0.35 83.5 0.0 16.5 83.8 0.0 16.2 84.5 0.0 15.5

0.40 89.0 0.0 11.0 89.1 0.0 10.9 89.0 0.0 11.0

0.45 91.5 0.1 8.4 91.4 0.1 8.5 91.8 0.1 8.1

0.50 93.5 0.1 6.4 93.6 0.1 6.3 93.1 0.1 6.8

0.60 94.5 0.4 5.1 94.3 0.5 5.2 94.2 0.4 5.4

0.70 95.0 0.7 4.3 94.7 0.8 4.5 94.7 0.8 4.5

0.80 95.6 0.9 3.5 95.0 1.0 4.0 95.0 1.0 4.0

0.90 95.6 1.0 3.4 95.0 1.1 3.9 95.1 1.0 3.9

1.00 95.8 1.1 3.1 95.1 1.2 3.7 95.2 1.1 3.7

1.20 95.6 1.1 3.3 95.1 1.3 3.6 95.1 1.2 3.7

1.40 95.4 1.2 3.4 95.1 1.2 3.7 95.0 1.2 3.8

1.60 95.6 1.2 3.2 95.1 1.3 3.6 94.9 1.2 3.9

1.80 95.5 1.1 3.4 95.0 1.2 3.8 94.9 1.1 4.0

1.90 95.5 1.0 3.5 95.0 1.1 3.9 94.8 1.0 4.2

2.00 95.3 1.0 3.7 95.0 1.1 3.9 94.8 1.1 4.1

2.10 94.9 0.8 4.3 94.7 0.9 4.4 94.5 0.8 4.7

2.20 94.9 0.7 4.4 94.1 0.3 5.6 93.9 0.5 5.6

2.40 94.8 0.0 5.2 94.1 0.0 5.9 93.7 0.0 6.3

2.50 94.6 0.0 5.4 94.0 0.0 6.0 93.4 0.0 6.6

R = reflectance, T = transmittance, A = absorptance.
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TABLE 36.- MECHANICAL PROPERTIES OF FOAMED-SLIP MODELS MIADE FROM

CONTINUOUS-PARTICLE-SIZE SLIP, HIGHER-DENSITY FOAM, FIRED 4 hr AT 1478 0 K

Model number .Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft 3  MN/m 2  lb/in.2  GN/m 2  lb/in.2

FNC-63-1 1.12 69.9 9.45 1.37 x 103  20.1 2.91 x 106

FNC-63-2 1.18 73.7 10.0 1.45 20.6 2.98

FNC-63-3 1.21 75.5 11.0 1.60 21.6 3.13

FNC-63-4 1.19 74.3 10.3 1.50 20.6 2.99

FNC-63-5 1.22 76.2 10.0 1.45 20.6 2.99

Average 1.18 73.9 10.2 1.47 20.7 3.00

TABLE 37.- MECHANICAL PROPERTIES OF FOAMED-SLIP MODELS MADE FROM

CONTINUOUS-PARTICLE-SIZE SLIP, LOWER-DENSITY FOAM, FIRED 4 hr AT 1478 0 K

Model number Density Modulus of rupture Modulus of elasticity

g/cm 3  lb/ft 3  MN/m 2  lb/in. 2  GN/m 2  lb/in.2

FNC-64-1 0.976 60.9 6.66 0.966 x 103 18.2 2,.64 x 106

FNC-64-2 0.988 61.7 10.0 1.45 24.7 3.59

FNC-64-3 0.985 61.5 8.27 1.20 18.2 2.65

FNC-64-4 0.974 60.8 6.33 0.918 19.3 2.80

FNC-64-5 0.977 61.0 7.03 1.02 19.0 2.76

Average 0.980 61.2 7.66 1.11 19.9 2.89.
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TABLE 38.- XENON ARC-LAMP TEST RESULTS FOR FOAMED-SLIP CONFIGURATIONS

MADE FROM CONTINUOUS-PARTICLE-SIZE SLIP AND FOR 100%

MONODISPERSE SLIP MADE FROM PARTICLE SIZE 6

Density Incident flux Average
Model number Composition Transmittance, transmittance,

g/cm 3 lb/ft 3 W/cm 2 Btu/ft 2-sec % %

DNC-148 Continuous 1.18 73.7 1190 1050 1.12

particle size

DNC-149 Continuous 1.18 73.7 1190 1050 1.18 1.16

particle size

DNC-150 Continuous 1.18 73.7 1190 1050 1.17

particle size

DNC-155 Continuous 0.98 61.2 1190 1050 1.55

particle size

DNC-156 Continuous 0.98 61.2 1190 1050 1.42 1.45

particle size

DNC-157 Continuous 0.98 61.2 1190 1050 1.47
particle size

DNC-161 100% mono- 1.10 68.7 1190 1050 .612

disperse PS-6

DNC-162 100% mono- 1.10 68.7 1190 1050 .555 .590

disperse PS-6

DNC-163 100% mono- 1.10 68.7 1190 1050 .597

disperse PS-6



devote much effort to optimizing the pressure-sintered fused

silica. The samples produced for testing were too dense because

most of the scattering voids were eliminated--either by pressing

the model at pressures that were too high, or sintering it under
conditions that were too severe.

1. Spectrophotometer tests.- The test results for the pres-
sure-sintered configurations prepared from Particle Sizes 2, 4,
5, and 6 are given in tables 39 through 43.

Two different densities were achieved using Particle Size 6;
table 43 gives the results for the lower-density configuration.
Actually, the different processing parameters produced only a very
slight difference in density: 2.09 g/cm 3 (130 lb/ft 3) for the
higher-density version, and 2.07 g/cm 3 (129 lb/ft 3) for the lower-
density version.

Except for the samples made from Particle Sizes 2 and 5, the
samples ranged from highly translucent to transparent. The nega-

tive values for absorptance shown in some of the tables are due
to experimental error: For the reflectance measurements made
with the incident beam 0.26 rad (15 deg) off normal, these very
dense materials reflected some radiation specularly at the front
surface.

2. Flexure tests.- The flexure test results for the pressure
sintered configurations are given in tables 44 through 48. The high-

est modulus of rupture, 31.3 MN/m 2 (4540 Ib/in.2 ), was achieved
for the higher-density version of Particle Size 6, as shown in
table 47.

3. Xenon arc-lamp tests.- The xenon arc-lamp test results
for the pressure-sintered configurations are given in table 49.
The lowest transmittance, about 1.66%, was obtained for Particle
Size 2. This configuration was underfired, however, and had very
poor mechanical strength.
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TABLE 39.- SPECTROPHOTOMETER TEST RESULTS FOR

PRESSURE-SINTERED MODELS MADE FROM PARTICLE SIZE 2*

SPS4-88, SPS4-89, SPS4-90,
Wavelength, t = 0.51 cm (0.20 in.) t 

= 
0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.)

um R, % T,% A, % R, % T, % A, % R, % T, % A, %

0.25 55.5 0.0 44.5 55.8 0.0 44.2 53.0 0.0 47.0

.. . . . . 6 . . .
0..0 3. U. i.. ob.z U.U 153.8

0.35 78.8 0.1 21.1 79.2 0.0 20.8 80.0 0.0 20.0

0.40 80.7 0.4 18.9 81.1 0.2 18.7 82.1 0.2 17.7

0.45 83.0 1.1 15.9 83.4 1.0 15.6 84.0 0.9 15.1

0.50 85.0 1.3 13.7 85.2 1.1 13.7 85.4 1.0 13.6

0.60 86.7 1.6 11.7 86.7 1.5 11.8 86.8 1.4 11.8

0.70 89.0 1.8 9.2 88.8 1.8 9.4 89.2 1.9 8.9

0.80 90.4 2.7 6.9 90.3 2.6 7.1 90.7 2.5 6.8

0.90 90.3 2.8 6.9 90.3 2.6 7.1 90.6 2.7 6.7

1.00 90.2 2.8 7.0 90.1 2.6 7.3 90.7 2.7 6.6

1.20 90.2 2.8 7.0 89.7 2.7 7.6 89.7 2.7 7.6

1.40 90.1 3.1 6.8 89.7 3.0 7.3 89.4 3.0 7.6

1.60 90.1 3.1 6.8 89.4 3.0 7.6 89.3 3.0 7.7

1.80 89.8 3.0 7.2 89.3 3.2 7.5 89.4 3.1 7.5

1.90 89.7 3.0 7.3 89.3 3.2 7.5 89.3 3.2 7.5

2.00 89.5 3.0 7.5 89.3 3.3 7.4 89.2 3.3 7.5

2.10 89.1 3.1 7.8 89.0 3.4 7.6 89.2 3.3 7.5

2.20 89.0 3.2 7.8 89.0 3.5 7.5 89.1 3.4 7.5

2.40 88.9 3.0 8.1 89.1 3.3 7.6 88.9 3.2 7.9

2.50 88.5 2.7 8.8 88.7 2.9 8.4 88.8 3.0 8.2

R = reflectance, T = transmittance, A 
= 
absorptance.

TABLE 40.- SPECTROPHOTOMETER TEST RESULTS FOR

PRESSURE-SINTERED MODELS MADE FROM PARTICLE SIZE 4*
SPS10-91, SPS10-92, SPS10-93,

Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t - 0,51 cm (0.20 in.)

m R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 26.4 2.2 71.4 28.0 0.0 72.0 23.6 0.0 76.4

0.30 41.1 1.4 57.5 47.4 0.0 52.6 40.4 0.9 58.7

0.35 64.2 13.4 22.4 70.8 7.8 21.4 64.4 11.9 23.7

0.40 63.9 12.7 23.4 72.5 7.4 20.1 63.8 13.5 22.7

0.45 63.7 13.9 22.4 75.5 8.2 16.3 65.1 14.5 20.4

0.50 65.4 14.8 19.8 76.6 9.6 13.8 66.5 15.8 17.7

0.60 70.0 17.5 12.5 80.9 11.7 7.4 73.0 18.9 8.1

0.70 73.5 19.1 7.4 79.6 13.5 6.9 72.6 20.3 7.1

0.80 74.6 21.1 4.3 80.7 15.2 4.1 74.5 22.5 3.0

0.90 74.5 22.3 3.2 80.4 16.3 3.3 74.4 23.8 1.8

1.00 73.6 23.2 3.2 80.1 16.8 3.1 73.7 24.6 1.7

1.20 72.2 24.5 3.3 78.7 17.8 3.5 72.2 25.9 1.9

1.40 72.2 26.7 1.1 78.5 19.5 2.0 71.9 28.0 .1

1.60 71.9 28.1 .0 78.3 20.5 1.2 71.6 29.3 -. 9

1.80 71.4 30.1 -1.5 77.9 21.9 .2 70.8 31.1 -1.9

1.90 72.9 31.7 -3.9 78.2 23.0 -1.2 71.7 32.7 -4.4

2.00 72.4 32.8 -5.2 78.3 23.9 -2.2 72.0 33.8 -5.8

2.10 71.9 33.2 -5.1 78.0 24.3 -2.3 71.3 34.3 -5.6

2.20 70.7 33.9 -4.6 77.5 25.0 -2.5 70.1 35.0 -5.1

2.40 69.2 36.7 -5.9 76.5 26.8 -3.3 68.3 37.5 -5.8

2.50 69.4 37.6 -7.0 78.0 27.4 -5.4 69.0 38.7 -7.7

*R = reflectance, T = transmittance, A = absorptance.
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TABLE 41.- SPECTROPHOTOMETER TEST RESULTS FOR

PRESSURE-SINTERED MODELS MADE FROM PARTICLE SIZE 5

SPS15-94, SPS15-95, SPS15-96,

Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t 0.51 cm (0.20 in.)

pm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 59.3 0.0 40.7 57.7 0.0 42.3 55.9 0.0 44.1

0.30 69.1 0.0 30.9 67.9 0.0 32.1 66.6 0.0 33.4

0.35 81.0 0.0 19.0 80.8 0.0 19.2 79.3 0.0 20.7

0.40 84.4 0.0 15.6 82.0 0.3 17.7 81.2 0.3 18.5

0.45 86.6 0.1 13.3 85.0 0.5 14.5 83.5 1.1 15.4

0.50 88.8 0.1 11.1 87.2 0.7 12.1 85.3 1.2 13.5

0.60 91.1 0.2 8.7 89.0 0.8 10.2 86.8 1.6 11.6

0.70 93.1 0.4 6.5 91.0 1.2 7.8 88.8 1.9 9.3

0.80 93.8 0.7 5.5 92.1 1.6 6.3 90.2 2.7 7.1

0.90 93.9 0.9 5.2 92.1 1.8 6.1 90.2 2.8 7.0

1.00 93.9 0.9 5.2 93.0 1.9 5.1 90.0 2.8 7.2

1.20 93.7 0.9 5.4 93.0 1.9 5.1 89.6 2.9 7.5

1.40 93.6 0.9 5.5 92.0 1.9 6.1 89.6 3.1 7.3

1.60 93.6 1.0 5.4 91.0 2.1 6.9 89.3 3.4 7.3

1.80 93.5 1.1 5.4 91.0 2.2 6.8 89.2 3.5 7.3

1.90 93.5 1.1 5.4 90.0 2.2 7.8 89.3 3.4 7.3

2.00 93.6 1.1 5.3 91.0 2.1 6.9 89.4 3.5 7.1

2.10 93.5 1.1 5.4 90.0 2.0 8.0 89.1 3.7 7.2

2.20 93.5 1.2 5.3 90.0 1.9 8.1 89.1 3.8 7.1

2.40 93.7 1.0 5.3 90.0 1.9 8.1 89.2 3.6 7.2

2.50 93.4 0.8 5.8 90.0 1.9 - 8.1 88.8 3.1 8.1

*R = reflectance, T = transmittance, A = absorptance.

TABLE 42.- SPECTROPHOTOMETER TEST RESULTS FOR

PRESSURE-SINTERED MODELS MADE FROM PARTICLE SIZE 6

[Higher-Density Configuration, Pressed at

2.8 GN/m 2  (46 000 lb/in.2 ) "*

SPS60-97, SPS60-98, SPS60-99,

Wavelength, t = 0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.) t - 0.51 cm (0.20 in.)

im R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 26.3 0.0 73.7 23.4 0.0 76.6 25.6 0.0 74.4

0.30 38.1 0.0 61.9 36.5 0.0 63.5 38.4 0.0 61.6

0.35 65.9 7.1 27.0 64.5 7.4 28.1 65.8 10.5 23.7

0.40 65.6 7.6 26.8 62.6 8.2 29.2 63.7 7.8 28.5

0.45 68.0 10.6 21.4 66.0 12.0 22.0 68.9 11.7 19.4

0.50 68.0 11.8 20.2 68.5 13.0 18.5 70.9 12.7 16.4

0.60 73.2 13.1 13.7 70.9 14.3 14.8 73.5 13.9 12.6

0.70 74.8 14.4 10.8 72.8 15.8 11.4 74.5 15.4 10.1

0.80 76.2 16.5 7.3 74.8 18.1 7.1 76.0 17.7 6.3

0.90 75.9 17.3 6.8 74.6 19.4 6.0 75.8 18.8 5.4

1.00 75.6 18.3 6.1 74.3 20.4 5.3 75.6 19.8 4.6

1.20 74.8 20.0 5.2 73.7 22.0 4.3 75.0 21.5 3.5

1.40 74.5 21.8 3.7 73.6 24.0 2.4 74.6 23.5 1.9

1.60 74.1 23.2 2.7 73.3 25.5 1.2 74.4 24.9 .7

1.80 73.3 25.0 1.7 72.5 27.3 .2 73.5 26.7 -. 2

1.90 73.9 26.3 -.2 73.4 28.8 -2.2 74.1 28.2 -2.3

2.00 74.1 27.3 -1.4 73.5 30.0 -3.5 74.2 29.3 -3.5

2.10 73.5 27.9 -1.4 72.9 30.3 -3.2 73.6 29.9 -3.5

2.20 72.5 28.8 -1.3 72.1 31.2 -3.3 72.6 30.7 -3.3

2.40 71.0 30.8 -1.8 70.6 33.8 -4.4 71.2 33.2 -4.4

2.50 71.6 32.1 -3.7 71.0 35.1 -6.1 71.5 34.2 -5.7

*R = reflectance, T = transmittance, A =absorptance.
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TABLE 43.- SPECTROPHOTOMETER TEST RESULTS FOR
PRESSURE SINTERED MJDELS MIJLADE FROM PARTICLE

SIZE 6 [Lower-Density Configuration, Pressed

at 2.1 GN/m2 (30 000 lb/in. 2 )]*

SPS60-100, SPS60-101, SPS60-102,
Wavelength, t 

= 
0.51 cm (0.20 in.) t 

= 
0.51 cm (0.20 in.) t = 0.51 cm (0.20 in.)pm R, % T, % A, % R, % T, % A, % R, % T, % A, %

0.25 15.4 0.0 84.6 16.9 0.0 83.1 16.0 0.0 84.0

0.30 28.8 0.5 71.2 29.4 0.9 69.7 31.0 0.5 68.5

0.35 61.8 14.6 23.6 62.0 14.0 24.0 62.2 14.2 23.6

0.40 59.2 13.8 27.0 59.7 13.5 26.8 59.2 13.2 27.6

0.45 63.3 16.9 19.8 63.0 16.4 20.6 64.2 16.2 19.6

0.50 66.2 18.6 15.2 66.1 17.6 16.3 66.2 17.0 16.8

0.60 70.1 19.7 10.2 70.2 18.5 11.3 70.2 18.9 10.9

0.70 71.0 20.8 8.2 71.4 19.7 8.9 70.9 19.9 9.2

0.80 73.8 23.2 3.0 74.0 21.8 4.2 73.8 22.4 3.8

0.90 74.4 24.2 1.4 74.6 22.9 2.5 74.2 23.4 2.4

1.00 74.2 24.9 .9 74.4 23.4 2.2 74.0 24.2 1.8

1.20 73.4 26.2 .4 73.6 24.7 1.7 73.4 25.3 1.3

1.40 73.4 27.7 -1.1 73.8 26.1 .1 73.4 27.0 -.4

1.60 73.6 28.8 -2.4 73.6 27.2 -.9 73.3 28.0 -1.3

1.80 72.7 30.2 -2.9 72.7 28.6 -1.3 72.4 29.5 -1.9

1.90 73.3 31.7 -5.0 73.5 30.0 -3.5 73.1 30.9 -4.0

2.00 73.5 32.6 -6.1 73.7 30.8 -4.5 73.2 31.8 -5.0

2.10 72.7 33.0 -5.7 72.9 31.1 -4.0 72.6 32.1 -4.7

2.20 71.7 33.5 -5.2 72.1 31.8 -3.9 71.5 32.8 -4.3

2.40 69.8 36.1 -5.9 70.5 34.0 -4.5 61.8 35.0 -4.8

2.50 70.5 37.2 -7.7 71.0 35.0 -6.0 70.4 36.1 -6.5

R 
= 

reflectance, T transmittance, A = absorptance.
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TABLE 44.- MECHANICAL PROPERTIES OF 'PRESSURE-SINTERED MODELS MADE FROM
PARTICLE SIZE 2, PRESSED AT 0.317 GN/m 2 (4.6 x 104 lb/in. 2 ),

AND FIRED 20 hr AT 13330 K (1940F)

Model Density Modulus of rupture Modulus of elasticity

number g/cm 3  lb/ft 3  MN/m 2  lb/in. 2  GN/m 2  ib/in. 2

FPS4-011 1.90 119 8.27 1.20 x 103 57.2 8.28 x 106

FPS4-012 1.87 117 7.79 1.13 64.8 9.40

FPS4-013 1.92 120 7.24 1.05 65.6 9.52

Average 1.90 119 7.77 1.13 62.4 9.08

TABLE 45.- MECHANICAL PROPERTIES OF PRESSURE-SINTERED MODELS MADE FROM
PARTICLE SIZE 4, PRESSED AT 0.317 GN/m 2 (4.6 x 104 lb/in.2 ),

AND FIRED 18 hr AT 14380 K (21280 F)

Model Density Modulus of rupture Modulus of elasticity

number g/cm 3  lb/ft 3  MN/m2  lb/in. 2  • GN/m 2  lb/in. 2

FPS10-031 2.13 133 17.8 2.58 x 103 43.6 6.32 x 106

FPS10-032 2.14 134 16.3 2.37 58.0 8.40

FPS10-033 2.13 133 * * *

Average 2.13 133 17.0 2.48 50.8 7.36

*Invalid data; model failed prematurely.

TABLE 46.- MECHANICAL PROPERTIES OF PRESSURE-SINTERED MODELS MADE FROM
PARTICLE SIZE 5, PRESSED AT 0.317 GN/m 2 (4.6 x 104 lb/in.2 ),

AND FIRED 18 hr AT 13930 K (2047 0 F)

Model Density Modulus of rupture Modulus of elasticity

number g/cm3  lb/ft 3  MN/m 2  lb/in. 2  GN/m 2  Ib/in. 2

FPS15-043 2.14 134 9.65 1.40 x 103 70.4 10.2 x 106

FPS15-044 2.14 134 11.0 1.59 70.0 10.2

FPS15-045 2.15 134 8.27 1.20 70.8 10.3

Average 2.14 134 9.64 1.40 70.4 10.2
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TABLE 47.- MECHANICAL PROPERTIES OF PRESSURE-SINTERED MODELS MADE FROM
PARTICLE SIZE 6, HIGHER-DENSITY CONFIGURATION, PRESSED AT

0.317 GN/m2 (4.6 x 104 lb/in.2 ), AND FIRED 8 hr AT
14400 K (21460 F) AND 16 hr AT 13330 K (19400 F)

Model Density Modulus of rupture Modulus of elasticity

number g/cm 3  lb/ft 3  MN/m2  Ib/in.2  GN/m 2  Ib/in.2

FPS60-051 2.09 130 32.5 4.72 x 103 66.4 9.60 x 106

FPS60-053 2.08 130 31.2 4.52 63.6 9.24

FPS60-054 2.09 130 30.1 4.37 66.0 9.04

Average 2.09 130 31.3 4.54 64.0 9.28

TABLE 48.- MECHANICAL PROPERTIES OF PRESSURE-SINTERED MODELS MADE FROM
PARTICLE SIZE 5, LOWER-DENSITY CONFIGURATION, PRESSED AT

0.207 GN/m 2 (3.0 x 104 Ib/in.2 ), AND FIRED

16 hr AT 1523 0 K (22810 F)

Model Density Modulus of rupture Modulus of elasticity

number g/cm 3  lb/ft 3  MN/m 2  lb/in. 2  GN/m 2  lb/in.2

FPS60-055 2.07 129 29.6 4.30 x 103 60.4 8.76 x 106

FPS60-056 2.07 129 26.3 3.81 59.6 8.64

FPS60-057 2.07 129 * * * *

Average 2.07 129 28.0 4.06 60.0 8.68

*Invalid data; model failed prematurely.
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TABLE 49.- XENON ARC-LAMP TEST RESULTS FOR PRESSURE-SINTERED CONFIGURATIONS

MADE FROM VARIOUS PARTICLE SIZES [All Models 0.51 cm (0.20 in.) Thick]

Average

Model number Composition Preparation Incident flux Transmittance, transmittance,
W/cm 2  Btu/ft 2 -sec % %

DPS4-88 .100% PS-2 A 1070 944 1.65

DPS4-89 100% PS-2 A 1070 944 1.68 1.66

DPS4-90 100% PS-2 A 1070 944 1.66

DPS10-91 100% PS-4 B 1070 944 21.4

DPS10-92 100% PS-4 B 1070 944 14.0 18.8

DPS10-93 100% PS-4 B 1070 944 21.0

DPS15-94 100% PS-5 C .1020 901 2.51

DPS15-95 100% PS-5 C 1020 901 9.80 9,50

DPS15-96 100% PS-5 C 1020 901 16.2

DPS60-97 100% PS-6 D 1110 975 20.8 )
DPS60-98 100% PS-6 D 1110 975 19.5 20.1

DPS60-99 100% PS-6 D 1110 975 20.0 !

DPS60-100 100% PS-6 E 1100 971 20.1,

DPS60-101 100% PS-6 E 1100 971 18.4 19.0

DPS60-102 100% PS-6 E 1100 971 18.4

Preparations:

A = Pressed at 0.317 GN/m 2 (4.6 x 104 lb/in.2), fired 20 hours at 1333 0K (19400 F)

B = Pressed at 0.317 GN/m 2 (4.6 x 104 lb/in. 2), fired 18 hours at 1438 0 K (21280F)

C = Pressed at 0.317 GN/m 2 (4.6 x 1 04 lb/in.
2), fired 18.hours at 1393 0K (20470 F)

D = Pressed at 0.317 GN/m2 (4.6 x 104 lb/in.2), fired 8 hours at 1448
0K (21460F) then 16

hours at 1333 0K (1940F)
E = Pressed at 0.207 GN/m2 (3.0 x 104 lb/in.2), fired 16 hours at 15230K (2281 0F).



V. FULL-SIZE HEAT SHIELD FABRICATION AND ATTACHMENT

A. FUSED-SILICA HEAT SHIELD FABRICATION

i. Slip preparation.- Various high-purity grades of synthetic
and natural fused silica are commercially available (e.g., Amersil,
Inc.; Dynasil, Inc.; and General Electric) in a variety of geo-
metric forms such as rods, discs, ribbons, and tubes. After ex-
tensive quality control tests on each lot of these raw, fused

silicas, as discussed in a following section, the materials would
be crushed in a jaw crusher mill or other suitable crushing
apparatus.

The jaw lining material should be sufficiently hard and able
to be readily and completely removed by physical or chemical

means. Iron jaws are frequently used because iron contamination

is easily removed magnetically or by dissolution in a mineral

acid, preferably hydrochloric. Alumina jaws can also be used,
but alumina is difficult to remove from fused silica. (It has

not yetbeen determined whether alumina is a detrimental impurity

in a silica reflecting heat shield. As discussed in Section II,
aluminum cations have been found to be capable of counteracting

the detrimental effect of alkali metals in a silica matrix.) In

addition, high-purity fused silica jaws might also be used to

crush the material, but such jaws would probably need frequent

replacing due to rapid wear.

To comminute the crushed and purified cullet for preparing

the 75/25% blend configurations, fluid-energy milling is the

recommended method. (Fluid-energy milling has been discussed in

Section III.)

One advantage of the fluid-energy mill is that it can produce

optimum-sized particles with a minimum of wasted material (i.e.,

particles that have been milled too fine). The alternative would

be ball milling, but this produces a very wide size distribution

of particles (ref. fig. 18) and a large amount of waste material.

Since this study indicates that synthetic fused silica is the best

material to use in a reflecting heat shield, and since this ma-

terial is expensive [from $440 to $880 per kilogram ($200 to $400

per pound) in small quantities], waste material should be mini-

mized.

The second, and most important reason for using fluid-energy

milling, is that it produces a noncontaminated, fused-silica

powder. The entire inside surface of the mill and the collecting

apparatus can be made from, or lined with, very-high-purity, slip-

cast silica. [If a mill is lined with polyurethane, then the

organic contamination from this lining could be burned out by

heating the silica powder in a furnace at 13130 K (1000 0F).]
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After being comminuted, the fluid-energy-milled particles
must be further classified to segregate the small amounts of
fines and oversized particles that inevitably result from any
milling process. Three classification techniques appear feasible:
air classification, using an air classifier such as the Donaldson
A12 or B18 models; elutriation in aqueous media, using a Babcock-
Schultz elutriator; or sedimentation in aqueous media, using a
larger-scale version of the technique shown in figure 17. Each
of these methods gives satisfactory classification; however, from
the standpoint of production economics, air classification appears
to be the best method at this time.

The slip can be prepared using basically the same procedure
outlined in Section III, but with larger proportions. One dif-
ference is that the slip will be prepared in polyethylene or
polypropylene containers, rather than glass, to eliminate con-
tamination by alkali silicates. The slip will then be rolled for
a suitable time to provide thorough mixing while minimizing
further particle-size reduction and will be evacuated before
being cast to remove trapped air.

2. Casting.- Fused-silica radomes made from continuous-
particle-size slips have used the type of mold shown in figure
35. After the plaster mold is filled with slip, the system is
pressurized to increase the drainage rate. After a sufficient
time to build up a specific wall thickness, the mold is depres-
surized and inverted, and the excess slip is poured out, leaving
behind a radome shell.

Casting a thick-walled radome without pressurization requires
a long fabrication period. Long times are detrimental because
the larger particles settle out of the slip and the wall thick-
ness becomes nonuniform from top to bottom. The relationship
between the wall thickness and casting time at different pressures
is shown in figure 36.

A fused-silica heat shield for an outer-planet probe will
require a thickness of at least 2.5 cm (1.0 in.). Note in
figure 36 that casting such a thickness, even at a pressure of

0.414 MN/m 2 (60 lb/in. 2), will take longer than 2 hours. Thus,
segregation of particles in the slip will be an important problem,
and the cast heat shield could possess considerable variation
with respect to its mechanical properties.

A convenient and valuable aspect of slip casting using 100%
monodisperse and 75/25% blend slips is that the drain times are
significantly reduced. With such materials the drainage time is
measured in minutes rather than hours, even at ambient pressure.

Thus, there is little particle separation. Because of this rapid
drainage rate, the type of casting described above--where the
excess slip is removed after a given time, leaving behind a cast
shell--is neither practical nor necessary.
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Figure 35.- Pressure-casting setup for slip-casting the fused-silica 
radome

(ref. 22)
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Figure 37 shows a preliminary mold designed for casting an
89-cm (35-in.) diameter, 2.5-cm (1.0-in.) thick, fused-silica heat
shield from 75/25% blend slips. This is the approximate size and
shape of a single-piece heat shield for an outer-planet probe.

The mold is made from plaster, has two pieces, and is sup-
ported by an aluminum structure. The top piece has eight reser-
voirs or fill holes, each approximately 5.1 cm (2.0 in.) in diam-
eter and 7.6 cm (3.0 in.) deep. The slip is simultaneously poured
into four of these holes and the remaining four are used as air
vents. Once the mold is full, all the reservoirs are filled to
allow for shrinkage during draining (the shrinkage for these
slips is much less than for the continuous-particle-size slips).
After a sufficient time for drying, the entire mold and supporting
structure is inverted and the mold is opened, and the cast silica
piece is then separated from the male portion of the mold. After-
ward, the heat shield is allowed to dry further before being fired.

The cast article should have enough green strength to be
handled before and during firing. If not, it can be supported
in a fused-silica mandrel that has essentially the same shape
as the female portion of the plaster mold.

The inside surfaces of the plaster mold are coated with
ammonium alginate or soluble starch before casting the article
to prevent the fused silica from adhering to the mold.

3. Quality control.- The work performed under the present
program indicates that the raw materials used to produce a silica
heat shield must be carefully inspected and tested for impurities
and contamination. In addition, extensive testing will be neces-
sary at various stages in the production cycle to determine which
steps, if any, are introducing impurities, and to what degree.

The following tests should be performed on the as-received
silica materials:

1) Atomic absorption, flame-emission analyses;

2) Visible and UV transmission analyses;

3) X-ray diffraction analyses.

a. Atomic absorption and flame emission analyses: These
tests are conducted to determine the concentration of detrimental
impurities such as Li, Na, K, Mg, Ca, and Fe. The randomly selec-
ted pieces of cullet are cleaned in a dilute hydrofluoric acid
solution (10%) and dried. Then they are completely dissolved in
hydrofluoric acid and the solution is tested on the spectro-
photometer against standard solutions.
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Figure 37.- Two-piece plaster mold for slip-casting a single-unit,
fused-silica heat shield for an outer-planet probe
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b. Visible and UV transmission analyses: The relationship

and positioning of the impurity in the matrix influences the

degree of attenuation by absorption. Also, reduced species such
as Si+ 3 and Si+ 2 are absorbing chromophores. Randomly selected
pieces of cullet with a known thickness are cleaned and tested to
determine their spectral transmittance and, thus, absorptance.
The results are compared against nominal specification curves.

c. X-ray diffraction analyses: The presence of cristobalite
and other crystalline forms of silicon dioxide in fused silica is

undesirable and strongly affects properties such as the thermal
expansion and thermal shock resistance. X-ray diffraction
analyses are performed to determine the material's degree of

crystallinity.

When preparing the fused-silica slips, various samples should

be subjected to atomic absorption and flame emission analyses at
various stages in the production process to check whether impurities
are being introduced. The processing steps should then be modified

as required to eliminate contamination.

The logical times for testing are as follows:

1) After crushing and postcleaning the fused-silica material
with hydrochloric acid;

2) After fluid-energy milling;

3) After classifying the material;

4) After preparing the slip and rolling it in the plastic
containers;

5) After casting, drying, and firing the finished article;

6) After machining the final configuration.

B. Fused-Silica Heat Shield Attachment

The following section discusses the attachment of a fused-
silica reflecting heat shield in terms of the baseline configura-

tion for the Marier Jupiter-Uranus entry probe. The forebody of
this probe is a 1.05-rad (600) half-angle cone with an 89-cm

(35-in.) base diameter (ref. 24); the ratio of the nose radius-
to-base radius is taken as 0.5, and the probe has a hemispherical
afterbody. The probe weight has been estimated to be 108 kg (239
lb) (ref. 24). The silica heat shield would cover the entire
conical forebody.
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Slip-cast fused silica is the most promising reflective
heat shield material for outer-planet missions (ref. 25). Typical
properties of a fused-silica material made from 75/25% blend
slips are given in table 50.

TABLE 50.- TYPICAL PROPERTIES OF AN EFFICIENT,
FUSED-SILICA, REFLECTING HEAT SHIELD

Density, g/cm 3 (ib/ft 3) 1.5 (93.6)

Porosity, % 31

Flexural strength, MN/m2 (Ib/in.2) 20.7 (3000)

Flexural modulus, GN/m2 (lb/in.2 ) 32.4 (4.7 x 106)

Coefficient of thermal expansion,* 0.9 x 10-6 (0.5 x 10-6)
cm/cm/OK (in./in./oF)

Thermalconductivity at 4350 K 0.268 (0.155)

(324 0F), J/m-s-OK (Btu/hr-ft-F)

Poisson's ratio* 0.17

Young's modulus/shear modulus* 2.3

Specific heat,* J/kg-oK 753. (0.18)
(Btu/ib-oF)

*From reference 23.

The surface area of the conical forebody (neglecting the
hemispherical nose radius) is:

A = irs

where:

r = base radius = 44.5 cm (17.5 in.)

s = slant height = 51.3 cm (20.2 in.)

A = 7160 cm2 (1110 in. 2 ).

Assuming a silica thickness of 2.54 cm (1.00 in.), the fore-
body would have a volume of 18 190 cm3 (1110 in.3). Based on a
density of 1.5 g/cc (94 lb/ft 3), the silica heat shield would
weigh 27.2 kg (60 lb).
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During entry into the Uranus atmosphere at an entry angle of

-0.87 rad (-500), the heat shield can be subjected to a dynamic

pressure of 1.01 MN/m 2 (10 atm), or 50% of the stagnation pres-

sure, and to a peak deceleration force of 750 g (ref. 26). At

an entry angle of -0.70 rad (-400), which represents the nominal

entry attitude, the dynamic pressure would be approximately 0.527

MN/m 2 (5.2 atm) and the peak deceleration would be 390 g (ref.

24).

Critical dynamic forces for spacecraft are generally asso-

ciated with the acoustic noise generated during ascent. A

typical acoustic criterion for the Titan III launch vehicle is

an overall random noise of 150 dB, with a peak at 2000 Hz for 1

minute of total exposure. However, the resulting "g" loads are

substantially less than those associated with entry.

Figure 38 shows the net forces on the heat shield during

entry. At an entry angle of -0.87 rad (-50'), the pressure force

of 0.630 MN (141 500 lb) is partially offset by the heat shield

inertia force of 0.200 MN (45 000 lb), yielding a net force of

0.430 MN (96 500 lb). At an entry angle of -0.70 rad (-40*), the
net compressive"force on the heat shield is 0.222 MN (50 100 lb).

In the following paragraphs, attachment configurations and

stresses will be discussed for a nominal -0.70 rad (-40') entry.

The structural behavior of slip-cast fused silica, like that

of other ceramics, is governed by the brittle nature of the

material. When designing with a brittle material, the following

principles must be recognized:

1) The fracture strength is defined statistically;

2) A high degree of scatter. can be associated with mechanical

properties;

3) Brittle materials are stronger in compression than in

tension;

4) The average strength decreases as the specimen size

increases;

5) Strength increases with temperature;

6) The materials are sensitive to mechanical shock;

7) Components exhibit a high degree of notch sensitivity.
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Heat-
Total shield
pressure deceleration
force = - " force
0.630 MN = 0.200 MN
(141 500 lb) (45 000 lb)

Net force on heat shield = 0.630 - 0.200 = 0.430 MN
(141 500 - 45 000 = 96 500 lb)

a) Entry angle = -0.87 rad (-50*)

Heat-

Total shield
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(73 500 ib) • (23 400 lb)

Net force on heat shield = 0.326 - 0.104 = 0.223 MN
(73 500 - 23 400 = 50 100 lb)

b) Entry angle = -0.70 rad (-400)

Figure 38.- Net forces on conical-forebody heat shield for Uranus entry
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Brittle behavior denotes the absence of yielding. When a

local stress reaches the limit of the material's capability, a

fracture will result. Therefore, attachment design requires

that:

1) Nonredundant attachments, which permit an accurate deter-

mination of loads, must be used;

2) Any alignment during assembly must be avoided, since mis-

fits, which introduce a high local stress, can cause a

failure;

3) Proper account must be taken of all stress raisers due to

section changes, discontinuities, locally applied loads,

etc;

4) Joints between ceramic and metallic support structures

must account for thermal expansion differences;

5) Restraint of thermal distortions must be minimized;

6) The design-allowable strength must be based on a desired

probability of survival under given loading conditions.

The high loads encountered during entry, along with the

moderate strength of slip-cast fused silica, rules out point

attachments such as pin connections, since the resulting stresses

would be too high. Consequently, a continuous attachment must be

used over a large area of the silica heat shield to reduce the

attachment stresses to acceptable values. A direct ceramic-to-

metal attachment, via bolts, clamps, or snap ring devices, is not

recommended because a slight misalignment of the mating surfaces

can overload a local portion of the silica heat shield. Instead,

the preferred method is to bond the shield to a metal structure

through an elastomeric rubber pad. This attachment would be

limited to a maximum temperature of 5230 to 573
0K (4820 to 572 0F).

The rubber pad would:

1) Compensate for misalignments between mating ceramic and

metallic surfaces;

2) Compensate for differential expansion between the ceramic

and metal;

3) Allow thermal distortion of the silica heat shield due to

temperature gradients;

4) Attenuate dynaric loads and shock loads via damping.
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If temperature resistance to 5730K (5720F) as well as flexi-
bility at low temperatures is required, then a silicone rubber
pad must be used. The required pad stiffness, thickness, and
strength must be determined as part of a detail design. The
strength and temperature resistance of the bonding agent must be
similar to that of the rubber pad. If a liquid adhesive system
is used, care must be taken to prevent the adhesive from pene-
trating into the porous, slip-cast silica and interfering with
the reflective and scattering properties of the silica heat shield.

The bond between the metallic structure and the silica heat
shield (through an elastomeric pad) can be made in two ways:

1) By using a metal base ring;

2) By making a continuous attachment between the silica back-
face and a metallic backup structure.

Figure 39 shows a representative base-ring attachment method.
For a compression load of 0.222 MN (50 100 lb), the compression
stress in the rubber pad would be 2.29 MN/m2 (332 lb/in. 2). The
thermal coefficient of expansion of the rubber pad can be on the

order of 25 x 10- 5 cm/cm/oK (45 x 10- 5 in./in./OF). Therefore,
care must be taken to preserve the integrity of the bond and to
prevent introducing stresses into the ceramic.

Note that in this type of design the metal ring is thermally

isolated from the silica heat shield by the rubber pad, so its
expansion coefficient may not be critical. Candidate materials

for the ring are aluminum (a = 23.9 x 10-6/OK), titanium (a =
8.5 x 10- 6 /oK), and beryllium (c = 13.3 x 10- 6 /PK).

Bending stresses due to entry loads in a 2.54-cm (1.00-in.)
thick silica shell have been calculated to be less than 3.45
MN/m 2 (500 lb/in. 2). Shear stresses.at the 31-cm (12.25-in.)
radius (see fig. 39) will be approximately 1.91 MN/m 2 (277 lb/in. 2).
Stresses of these magnitudes can be accommodated by a slip-cast,

fused-silica heat shield. In addition, if the temperature at the

bond-line rises above its permissible limit after the occurrence
of significant heating and loading, a secondary mechanical attach-

ment can be incorporated, as shown in figure 40. The metal channel
fits loosely around the silica lip to permit unrestrained thermal
expansion, and a layer of silica cloth and/or felt between the
metallic member and the silica lip acts as a cushioning material.
The metallic member would support the silica heat shield during
the final stages of descent.
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Figure 40.- Bonded base ring attachment with secondary mechanical retainer
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The continuous attachment of a fused-silica heat shield to a
metallic backup structure though a rubber pad provides a much
greater attachment area than the base ring design. In this design
the rubber pad must withstand a compressive stress of 0.269 MN/m2

(39 lb/in.2) and a shear stress of 0.155 MN/m 2 (22.5 lb/in.2).
These stresses can be accommodated by using a silicone sponge like
that used as a strain isolator for the silica RSI thermal protec-
tion panels on the Space Shuttle. A secondary mechanical attach-
ment, to retain the heat shield if the bondline overheats after
the period of significant heating and loading, can also be incor-
porated into a continuous, bonded-attachment design.

A one-piece reflecting heat shield is preferred since the
effects of joints on its reflection characteristics are unknown.
However, a one-piece, fused-silica heat shield will be subjected
to severe thermal gradients and, even with its low coefficient
of thermal expansion and its low modulus of elasticity, signifi-
cant thermal stresses may be generated. If these stresses exceed
the strength of the fused-silica ceramic, then the heat shield
must be made in sections, and attached by bonding each section
through a strain isolator to a metallic backup structure.

As shown in figure 41, heat shield sections can be made in
the following patterns:

1) A nose cap and a series of concentric rings;

2) A nose cap and a series of trapezoidal segments;

3) A series of tiles, approximately 15 by 15 cm (6 by 6 in.).

The optimum pattern would depend on thermal stresses, producibility,
and the aerodynamics of the gaps and joints.

A damaged heat shield made from tiles can be repaired by
replacing the damaged tile. Repairing a one-piece heat shield
may depend on the nature of the damage, but could involve re-
placing the entire unit. Methods such as coring out and re-
casting damaged areas in a one-piece heat shield do not appear
feasible at this time.
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a) Nose cap and concentric rings

b) Nose cap and trapezoidal segments

c) Trapezoidal tiles

Figure 41.- Section configurations for slip-cast 
silica heat shield
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VI. CONCLUSIONS AND RECOMMENDATIONS

A. Summary of Program Results

The purpose of this program was to develop a high-purity,

fused-silica heat shield to reflect shock-layer radiation and

shield against the severe convective heating environment encountered

during probe entries into outer-planet atmospheres. During the

contract we also conducted theoretical investigations of the

parameters that influence the optical, thermal and mechanical per-

formance of fused silica. Three configurations of silica-bonded

silica were fabricated and tested to ascertain their relative

merits. These configurations were slip-cast, foamed-slip, and

pressure-sintered fused silica. On the basis of these tests, we

selected a preferred configuration and began to optimize the config-

uration and develop suitable processing techniques. Finally, we

studied fabrication methods for a full-size heat shield and consid-

ered various alternatives for attaching the selected configuration.

Computer analyses using MSAP showed that in the absence of

strong absorption, fused-silica particles ranging up to 28.8 pm

in diameter produced higher reflectance than particles as small as

3.50 pm in diameter. However, in the presence of strong absorp-.

tion--for instance, at high temperatures [e.g., 1773 0 K (27310 F)] or

at impurity levels higher than GE 151, or both--the smaller parti-

cles produced higher reflectance. The analysis also showed that

the reflectance increased with number of voids.

Relative to the predicted Saturn-entry shock-layer radiation,

MSAP showed that the optimum reflectance for a fused-silica heat

shield at 1773 0 K (27310 F) could be achieved by using 5- to 10-pm-

diameter voids and a total void content of 20 to 30% by volume.

Of the three silica-bonded silica configurations studied,

slip-cast fused silica proved to be the best configuration for a

reflecting heat shield. It exhibited excellent radiation-scattering

performance (i.e., high reflectivity) and was easy to fabricate.

The low density of the foamed slip material is undesirable and

would result in high surface recession during an outer-planet en-

try. Pressure-sintered fused silica is impractical because its

fabrication is substantially more complex than slip-casting.

Of the various slip-cast configurations investigated, the ones

prepared from the 75/25% blend slips performed the best (i.e., highest

reflectance, lowest transmittance). Both the 100% monodisperse and

75/25% blend slips produced a better reflector, with noticeably re-

duced transmittance, than the continuous-particle-size slips gen-

erally used in slip-casting. In the 100% monodisperse configura-

tions 5- to 11-pm-diameter particles gave higher reflectance and

lower transmittance than the larger particles that were studied.
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For the 75/25% blend slip-cast silicas, the configurations
with 75% (by weight) of 5- to 11-pm-diameter particles gave the
best performance. (Smaller particles may produce still higher
reflectance, but can pose processing difficulties, and were not
studied in this program.)

The 100% monodisperse and 75/25% blend configurations were
less dense [1.35 g/cm 3 (84.5 lb/ft 3) and 1.50 g/cm 3 (93.8 lb/ft 3),
respectively] than the slip-cast configurations made from contin-
uous-particle-size slip [1.95 g/cm 3 (120 lb/ft 3)]. However, the
higher reflectance and lower transmittance of the monodisperse
configurations outweigh any increase in surface recession that
might result from lower density. The mechanical strength of mono-
disperse, slip-cast silicas is lower than that of the continuous-
particle-size, slip-cast silicas. However, the monodisperse ma-
terials have sufficient strength for an outer-planet heat shield.

For the slip-cast fused silicas, the higher-purity materials--
especially materials with lower levels of alkali metals--produced
the highest reflectance. The highest-purity fused silica that is
commercially available is a synthetic, usually prepared by the
vapor-phase hydrolysis of silicon tetrachloride. This is the pre-
ferred material for a reflecting heat shield. However, processing
techniques that introduce impurities can easily nullify the bene-
fits gained from using a synthetic fused silica. Therefore, non-
contaminating processing techniques are essential in fabricating
an optimum, fused silica reflecting heat shield.

Slip-cast materials made from 100% monodisperse fused-silica
powders were more difficult to produce than the 75/25% blend con-
figurations, due to casting problems that resulted in a large num-
ber of cracked billets. Since the monodisperse blends were easier
to process, retained many of the advantageous optical character-
istics of the 100% monodisperse material and had better mechanical
properties than the 100% monodisperse material, the monodisperse
blend configuration is recommended for silica reflective heat
shields.

The fabrication of the 75/25% blends requires the use of
colloidal silica. Presently available experimental low-sodium
colloidal silicas contain sodium levels as high as 100 ppm of
solids. At a proportion of 6% colloidal silica solids, an
additional 6 ppm of sodium contamination is introduced into
the final configuration by the colloidal silica. Lower-sodium
colloidal silicas are desired, and these can be prepared by
ion-exchange chromatography.

The monodisperse blend configurations have not been fully
optimized. Their densities can be increased, within limits, .by
casting them at hydronium ion concentrations other than pH = 5.0,
and/or by using larger quantities of colloidal silica. Their den-
sity, strength, and scattering properties can also be improved
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by changing the proportion of the small-diameter component, the
particle size of the small-diameter component, or both. Also, a
small-particle-size third component could be added to the blend to
improve performance. Firing schedules for the different particle
blends have not been fully optimized; processing optimization
should also improve the mechanical strength.

The full-scale fabrication of a slip-cast, fused-silica heat
shield from continuous-particle-size slip presents some important
technical problems. A thickness of 2.5 cm (1.0 in.) or more is
required, and the time'needed to drain the continuous-particle-
size slip causes separation of heavier particles. This separation
results in a nonuniform wall thickness and composition.

For the particle sizes studied under this program, slip cast
articles made from monodisperse slips drain in minutes, as opposed
to hours for the continuous-particle-size slips. Thus, particle
separation does not occur and a more uniform part results.

B. Recommendations for Future Work

Based on these studies, two primary areas relating to slip-
cast, fused-silica heat shield technology should be pursued:

1) Optimizing a reflecting heat shield material made from
blends of monodisperse particle sizes;

2) Developing a conical, fused-silica reflecting heat shield
to meet the requirements of a Uranus probe and other
outer-planet probes.

As stated in the previous section, slip casting is the
recommended method for producing a fused-silica heat shield.
The tests conducted to date have shown that the 75/25% blend slips
give the best performance. They exhibit a higher reflectance and
lower transmittance than the continuous-particle-size slips,
while possessing good strength. They also have a higher density,
better mechanical strength, and better optical performance than
the 100% monodisperse configurations. However, the blend con-
figurations tested in this program can probably be further opti-
mized, and the following tasks are recommended along this line:

1) Preparation of high-purity colloidal silica containing
sodium contamination well below the level of present low-
sodium sols (\88 ppm of solids) by ion-exchange chroma-
tography;

2) Investigation of blending different monodisperse particles
other than those used in the present configurations,
where the radius of the 25%-component particles is 20 to
25% of that of the 75%-component particles;
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3) Investigation of different blending proportions, other
than 75% of the larger component and 25% of the smaller
component;

4) Further investigation of different firing schedules to
rdetePrminp the onntimuim nrocPssing for mondisnperse blend

configurations;

5) Further investigations of the effects of pH and colloidal
silica proportions on density, strength, and optical
properties;

6) Investigations of the performance of slip-cast monodisperse
blends made from high-purity synthetic fused silicas such
as Suprasil.

Samples should be fabricated incorporating the above materials
and processing variations, and their optical and mechanical
properties should be evaluated.

Development problems associated with a full-size silica re-
flective heat shield fall into the areas of thermal design, struc-
tural design, attachment, fabrication scaleup, and quality assur-
ance. To identify these problems and their solutions, a program
of designing, analyzing, fabricating, inspecting and testing a
silica heat shield should be conducted. The heat shield configu-
ration should be the 1.05-rad (60-deg) half-angle cone baselined
for the Jupiter-Uranus probe.

The development program would involve the following tasks:

1) Define the design environment and establish design cri-
teria for a reflective heat shield for a Uranus entry
probe. The environment should include convective and
radiant heating pulses and heat flux distribution,
dynamic pressure, aerodynamic shear, entry deceleration,
and ascent dynamics;

2) Conduct heat-transfer analyses for three points on the
conical forebody (stagnation point, cone edge, inter-
mediate point) and establish heat-shield thickness re-
quirements for each point;

3) Calculate temperature gradients through the thickness of
the silica heat shield and along the meridian line from
the stagnation point to the cone edge. Calculate thermal
stresses in the silica heat shield resulting from these
gradients;

4) Design the heat shield attachment details and calculate
temperatures and stresses for the attachment area;
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5) Develop a fabrication plan for fabricating a full-size,

high-purity reflecting heat shield. The fabrication plan

should include cleanliness requirements as well as pro-

visions for inspecting the heat shield without contamina-

tion;

6) Fabricate and inspect two conical, 89-cm (35-in.) diameter

heat shields using the procedures spelled out in the fab-

rication plan. Attach the heat shield to a suitable me-

tallic structure;

7) Develop a test plan for the two conical heat shields.

The tests to be considered should include structural

loading, dynamic testing, cold soak, and quartz-lamp
radiant heating. Identify instrumentation requirements

for each of these tests;

8) Conduct structural and dynamic tests on one of the conical

heat shields and cold soak and radiant heat (heat-transfer

and thermal stress) tests on the second heat shield in

accordance with the test plan;

9) Conduct a posttest analysis of the heat shields and pro-

vide failure analyses as required. Calculate attachment

stresses, temperatures, and thermal stresses for the test

conditions. Correlate these with strain gage, acceler-

ometer, and thermocouple data and compare them with the

corresponding stresses and temperatures predicted for the

flight environment.

Martin Marietta Corporation
Denver Division

Denver, Colorado, August 14, 1974
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APPENDIX

SCANNING ELECTRON MICROSCOPE PHOTOGRAPHS

OF DIFFERENT SLIP-CAST CONFIGURATIONS

Figures 42, 43, and 44 compare the surfaces of samples pre-

pared from Particle Sizes 2, 4, and 6 under magnification using

a scanning electron microscope (SEM). Note that in each of these

photographs the distance between hash marks is 30 im. Each of

the samples was fired at 1478 0 K (22000 F) for 4 hours. The dif-

ference in particle size and the relative degree of surface

roughness between samples is quite apparent. In addition, a

visual inspection and comparison of the particles to the 30-pm

hash marks in each photograph corroborates the results of the

Stokes' law size-determination tests, which were given by figure
18 in Section III. Particle Size 2 is about 20 to 40 pm, 4 is

about 10 to 21 m, and 6 is about 5 to 11 pm in diameter.

In figures 45 and 46, the surface of a slip-cast silica

sample prepared from a continuous-particle-size slip is shown

under two different magnifications. (Figure 18 in Section III

showed the approximate size distribution for a continuous-

particle-size slip as determined by the Stokes' law method.)

These photographs reveal a surface that is covered with fused-

silica "dust."' The larger particles are mostly obscured due to

the dust collected on their faces. In addition, the spaces be-

tween the larger particles are packed with the smaller particles,

eliminating the larger interparticle voids.

Figures 45 and 46 show a continuous-particle-size surface

that lacks the uniform array of scattering voids revealed by the

monodisperse-particle-size surfaces in figures 42 through 44.

This explains why the monodisperse-particle-size samples give

higher reflectances than the continuous-particle-size samples,

as discussed in Section IV.

Figure 47 is an SEM photograph of a sample.made from Par-

ticle Size 6. Figures 46 and 47 show the large differences in

the particle sizes and void sizes between the two samples (the

distance between the hash marks in these figures is 3 pm).

Figures 48, 49, and 50 compare at the same magnification

the surfaces of slip-cast, fused-silica samples all made from

Particle Size 2 but fired under different conditions. Figure 48

shows a surface fired 4 hours at 1478 0 K (2200 0F). Note that the

necking between particles is slight and the sintering is incom-

plete. Figure 49 shows a surface fired for 4 hours at 15330 K

(2300 0F). The particles have become more rounded (minimizing the

surface area and, thus, the surfact free energy), and the necking
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Figure 42.- SEM photograph of 100%
monodisperse configura-
tion, particle size 2
(20 to 40 pm), fired 4
hr at 1478 0K (2200 0F)

30 im

Figure 43.- SEM photograph of 100%
monodisperse configura-
tion, particle size 4
(10 to 21 pm), fired 4
hr at 1478 0K (22000F)

30 um

Figure 44.- SEM photograph of 100%
monodisperse configura-
tion, particle size 6
(5 to 11 pm), fired 4i I I hr at 14780K (22000 F)

30 um
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Figure 45.- SEM photograph of

continuous-particle-

size configuration,
fired 4 hr at 1478 0 K

(22000F)
30 im

Figure 46.- SEM photograph of

continuous-particle-
size configuration,

fired 4 hr at 1478 0K

(22000F)
3 pm

Figure 47.- SEM photograph of

100% monodisperse

configuration,

particle size 6 (5
to 11 pm), fired 4

hr at 14780 K (2200F)
3 pm
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Figure 48.- SEM photograph of
100% monodisperse
configuration,
particle size 2

(20 to 40 Pm),
fired.4 hr at 1478 0K

Sii I i (22000F)
30 im

Figure 49.- SEM photograph of
100% monodisperse
configuration,
particle size 2
(20 to 40 pm),
fired 4 hr at
1533 0K (23000 F)

30 pm

Figure 50.- SEM photograph of
100% monodisperse
configuration,
particle size 2
(20 to 40 pm),
fired 4 hr at

I1589 0 F (2400 0F)
30 104m

104



APPENDIX

between particles is considerably greater. This is a sample
that has undergone a large increase in strength and integrity due

to firing. Figure 50 shows a Particle Size 6 surface that is

overfired. This sample was sintered 4 hours at 15890 K (2400 0 F).

The particles have coalesced to form larger particles, causing

shrinkage of the part and leading to loss of scattering and bulk

vitrification. The cracking shown in this photograph may have

been caused by the formation of cristobalite.

Figures 51 through 53 are similar to figures 48 through 50

except that the samples were prepared from Particle Size 6 in-

stead of 2. The surface shown in figure 51 was fired 4 hours at

14780 K (22000 F); the surface in figure 52 was fired 4 hours at

15330 K (2300-F); and the surface in figure 53 was fired 4 hours

at 1589 0K (24000 F).

Note that the sample in figure 51 is underfired: the neck-

ing between particles is. very slight. In contrast, the sample

in figure 53 is overfired: the coalescence of particles is almost

complete. The slip-cast, fused-silica surface shown in figure 52

is sufficiently fired and, perhaps, even a little overfired. The

diameters of the necks that have grown between particles are al-

most as large as the particles themselves, and some of the par-

ticles have almost completely coalesced.

It is interesting to compare figure 49 with figure 52, and

figure 50 with figure 53. The 20- to 40-pm particles in figure

49 are fused noticeably less than the 5- to 1l-pm particles in

figure 52, even though both were fired 4 hours at 15330 K (23000F).

This confirms the general rule that, under identical firing sched-

ules, smaller particles of the same material fuse more rapidly

than larger particles. This fact is demonstrated even more

clearly by comparing figure 50 with figure 53. In figure 53 the

5- to 1l-Pm particles have coalesced almost entirely, forming an

optically smooth surface, whereas in figure 50, one can still

distinguish individual particles and the surface is optically

very rough. Both surfaces were fired 4 hours at 1589 0K (24000 F).

Figures 54, 55, and 56 provide closeups of samples made from

Particle Sizes 2, 4, and 6, respectively. Each of the samples

has been fired 4 hours at 1533 0K (2300 0F). The necking between

the 20- to 40-im particles, which was difficult to see in figure

48 is more easily seen in figure 54. The necking between the

10- to 21-pm particles in figure 55 is slightly greater than for

the larger particles in figure 54. And in figure 56, as mentioned

earlier, some of the particles have almost completely coalesced.
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Figure 51.- SEM photograph of
100% monodisperse
configuration,

particle size 6

(5 to 11 vm),
fired 4 hr at
1478 0K (22000F)

30 im

Figure 52.- SEM photograph of
100% monodisperse
configuration,
particle size 6
(5 to 11 jm),
fired 4 hr at
1533 0 K (23000F) I

Figure 53.- SEM photograph of
100% monodisperse
configuration,
particle size 6
(5 to 11 Pm),
fired 4 hr at
15890 K (24000F)

30 106
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Figure 54.- SEM photograph of
100% monodisperse
configuration,
particle size 2
(20 to 40 Hm),
fired 4 hr at
1533°K (23000F)

3 um

Figure 55.- SEM photograph of
100% monodisperse
configuration,
particle size 4
(10 to 21 um),
fired 4 hr at
1533 0K (23000 F)

3 im

Figure 56.- SEM photograph of
100% monodisperse
configuration,
particle size 6
(5 to 11 Pm),
fired 4 hr at
15330K (23000F)

3 'm
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As shown by figure 13 in Section II, optimum firing sched-

ules for a continuous-particle-size, fused-silica configuration

are 1 hour at 1533 0K (23000F), 4 hours at 1478 0 K (2200 0F), and a

range of values between these. In view of the above discussion,
where it was shown that all the monodisperse configurations re-

quire more severe firing conditions to produce sufficient necking
between particles, there is the indication that in these contin-

uous-particle-size configurations the fine fused-silica dust is
"cementing" the larger particles (those larger than %5 pm) together,

rather than the larger particles fusing with themselves.

Figures 57 through 59 show the surfaces of three 75/25% blend

configurations prepared from different particle sizes. The slip-

cast configuration shown in figure 57 contains 75% (by weight) of

PS-2 and 25% of PS-6, and was fired 5 hours at 15330 K (23000F).

The configuration in figure 58 contains 75% PS-4 and 25% PS-7, and

was fired 4 hours at 1478 0 K (22000F). Figure 18 shows a surface

made from 75% PS-6 and 25% PS-8 that was fired 4 hours at 1478 0 K

(22000F).

Note that the voids in these 75/25% blend configurations are

noticeably smaller than those for the corresponding 100% mono-

disperse configurations made from the larger-particle-size com-

ponent. At the same time, the voids are not filled up by the

very small particles, which is the case in the continuous-

particle-size configurations. The fact that the voids are re-

duced explains why the 75/25% blends have a higher reflectance

than the 100% monodisperse configurations.
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Figure 57.- SEM photograph of
75/25% blend con-

figuration, 75%

particle size 2

(20 to 40 pm), 25%

particle size 6 (5

to 11 pm), fired 5

hr at 15330 K (23000 F)

I i I I i _ I
30 4m

Figure 58.- SEM photograph of

75/25% blend con-

figuration, 75%

particle size 4

(10 to 21 pm), 25%

particle size 7,
fired 4 hr at

1478 0K (22000 F)

1 i I .I I
30 im

Figure 59.- SEM photograph of
75/25% blend con-

figuration, 75%

particle size 6
(5 to 11 Pm), 25%

particle size 8,
fired 4 hr at

I I I I 1478 0 K (22000 F)

30 Mm
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